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Abstract 
 
Tribolium castaneum, also known as the rust-red flour beetle, infests and consumes a 
variety of bulk stored food products and is a major pest of bulk stored grains globally. 
However, T. castaneum adults have been shown to infest stored cotton seeds heavily in 
Queensland, Australia, despite the absence of stored grain products nearby. Previous 
studies suggest that the beetles are attracted to the fungal colonies growing on the fibre 
that remains on the delinted seeds, but their relationship with these fungi has not been 
clarified. Moreover, little is known about the interactions of T. castaneum with particular 
species of fungi. That is, the associations between particular micro-fungi and T. 
castaneum may well be important factors in determining crucial aspects of the ecology of 
T. castaneum, both within and outside of stored grain systems. Further impetus for this 
study comes from the lack of clarity about the origins of T. castaneum before the advent of 
bulk stored grains, as their diet may have included particular fungal species (at least 
according to some authors). 
 
To investigate the associations between T. castaneum and micro-fungal species I 
conducted a number of laboratory and field experiments. These experiments included the 
identification of the fungal species I isolated from stored cotton seeds and wheat collected 
in South East Queensland. The feeding preferences of the adult beetles were determined 
using no-choice feeding tests for each of the fungal species. Further, the developmental 
success of the larvae was quantified on cotton seeds infested by one each of the fungal 
species identified. Gut analyses of T. castaneum adults, exposed to no-choice feeding 
tests, showed that the beetles will feed on all 14 fungal species when exposed to cotton 
seeds that had been inoculated with each of the fungal species, over 14 days. The 
developmental success of the larvae varied depending on the fungal species, with most 
fungal species supporting only low levels of successful developmental to adulthood (<30% 
relative to the standard culture diet of wheat flour and yeast). Volatile toxicity tests also 
revealed that neither adult or larval mortality was significantly affected by the presence of 
the identified fungal isolates. These results indicate that T. castaneum will feed on a 
variety of fungal species but that none of the tested fungal species on its own provides a 
good diet for T. castaneum.  
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Choice tests were conducted under laboratory conditions in a y-tube olfactometer and in 
wind tunnel assays to determine if any of the identified fungal species were attractive 
and/or repellent to the adult beetles. The olfactometer experiments revealed that the 
insects are attracted to the volatiles associated with Aspergillus tamarii and that they are 
repelled by those of Asp. ochraceus, Epicoccum nigrum and Penicillium citrinum. The wind 
tunnel assays returned significantly different results with the insects being repelled by Asp. 
tubingensis, and with no fungi attracting the beetles. Additional tests were also used to 
discern if either the flying or walking beetles would be attracted or repelled by sterilized 
linted cotton seeds that had been infested with either Asp. tamarii, Asp. ochraceus, R. 
oryzae, Fusarium proliferatum or left blank (negative control), under field conditions. 
Moreover, the linted cotton seeds were collected, after 4 days, to discern if any field 
beetles had laid eggs in them and to determine the relative developmental success of 
larvae on those resources. The field tests revealed that none of the fungi was significantly 
repellent or attractive to either the flying or walking beetles. Furthermore, the post-field 
oviposition and larval development data revealed that neither of the treatment groups 
resulted in significantly higher levels of developmental success than the negative control. 
These results indicated that T. castaneum is attracted and repelled by a variety of fungal 
species under laboratory conditions, whereas field assessments revealed that none of the 
tested fungal species caught more beetles than the controls. 
 
Some insects use olfaction to detect volatile organic compounds that are produced by 
micro-fungal species. The volatiles that elicit a response from an insect are known as 
semiochemicals and can either attract or repel them. Therefore, gas chromatography and 
mass spectrometry experiments were conducted to determine if T. castaneum is attracted 
and/or repelled by any of the volatile organic compounds produced by Asp. ochraceus, 
Asp. tamarii, R. oryzae and F. proliferatum. The volatiles were extracted and compared 
using two different methods, head space micro-extraction and solid phase micro-
extraction. Head space micro-extraction lead to the identification of two different 
compounds, whereas solid phase micro-extraction lead to the identification of eleven 
different compounds that were produced by one or more of the fungal species tested. 
Behavioural tests were conducted, in the laboratory, to determine if T. castaneum adults 
would respond to any of the identified compounds or potential mixtures of compounds. 
Two compounds, 1-octen-3-ol and 2-pentanone-4-hydroxy-4-methyl, appeared to repel the 
beetles, though additional concentration tests are required to determine if the identified 
compounds are truly semiochemicals for T. castaneum. 
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Overall, the experiments conducted in this thesis have identified various factors that have 
contributed to our increased understanding of the ecology of T. castaneum, particularly in 
relation to micro-fungal species. Indeed, this study has contributed to the growing body of 
literature attempting to comprehend the spatio-temporal dynamics of T. castaneum 
populations across a variety of landscapes, both inside and outside of bulk stored grain 
facilities. Moreover, the results of this thesis may have practical applications, through the 
assisted development of a chemical lure/s designed to monitor T. castaneum populations 
in the field. 
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1.1 Tribolium castaneum as a stored grain pest 
Tribolium castaneum (Herbst), the rust-red flour beetle, is a major pest of stored cereal 
grains in many countries and exists across a wide range of climatic zones (Athie & Mills 
2005, Giles 1964, Jones 1967, Joubert 1966, Peng 1998). The beetles infest a variety of 
cereal grains including sorghum, wheat, maize and many other stored products, on which 
they feed (Birch 1947, Willis and Roth 1950). Tribolium castaneum is adapted to stored 
grain products because of its tolerance for dry environments, high fecundity and ability to 
feed and develop on broken grains (Campbell et al. 2002, Dawson 1977, Khan 1983, 
Shafique et al. 2006, White 1988). Indeed, no population of T. castaneum is known to exist 
outside of stored products. Therefore, some sources suggest that the species originated 
on stored grains and that it is dependent on them for its persistence. Alternative sources 
suggest that the species may have originated from a forest environment where it would 
have lived under bark and decaying logs, presumably feeding on micro-fungal species 
(Good 1933), though no evidence has been presented to support this claim. Also, this view 
does not seem to fit well with the tolerance of these beetles for dry environments. 
Globally, T. castaneum and various other stored grain insect pests are controlled primarily 
through the application of phosphine gas, a toxic fumigant used to kill insects (Bond et al. 
1969, Wakefield 2006). Although phosphine gas is effective at controlling beetle 
populations and has number of other desirable traits, its overuse and misuse has led to the 
development of resistant populations in many pest insect species, including T. castaneum 
(Alam et al. 1999, Athie & Mills 2005). Consequently, the increasing levels of phosphine 
resistance within beetle populations have made it more difficult to manage/control them 
within grain storage facilities (Jagadeesan et al. 2012). If agricultural industries could 
predict the movement patterns of T. castaneum populations, both into and within their 
stored products, it would be possible to maximize their control efforts with precisely timed 
fumigation. Further, developments that would minimize the rate of fumigation within stored 
product industries would also reduce their fumigation costs and decrease the species’ 
probability of developing resistance to those fumigants. 
Various types of monitoring systems are regularly implemented at grain storage facilities to 
help manage pest insects (Wakefield 2006). Most of these monitoring devices are traps 
designed to capture insects, primarily stored grain beetle pests, within stored grain 
facilities or as they enter or leave storage. Various types of traps, including adhesive, 
funnel and corrugated paper traps, have been designed to catch stored product insects, 
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and are often implemented in and/or around stored grain facilities (Burkholder & Ma 1985). 
Traps placed within the food products themselves are often used to infer the current 
infestation levels within a facility, whereas traps placed outside and around these facilities 
can provide information about the presence of insects nearby and the times of their 
movement. Pheromone lures can also be applied to these traps to increase the target 
insect species’ attraction to them (Wakefield 2006). The lures used in these traps are 
usually designed to target multiple insect pest species to increase efficiency of the 
management program (Dowdy and Mullen 1998, Wakefield 2006). Two types of lures are 
used to attract stored grain pest insects. Food lures use chemical compounds derived from 
a food source (Barrer 1983, Phillips et al. 1993), whereas pheromone lures are based on 
chemical compounds derived from the insects themselves and are used by the insects to 
attract conspecifics of one or other sex, and in some cases both sexes (Campbell et al. 
2002, Dowdy and Mullen 1998, Howard and Blomquist 2005). Adult T. castaneum male 
beetles secrete and release aggregation pheromones, from their abdominal epidermis, 
that attract both sexes (Lu et al. 2011, Suzuki 1980). These pheromones are synthesized 
commercially and are used predominantly to attract T. castaneum to traps for monitoring 
and behavioral investigation purposes (Campbell et al. 2002, Ridley et al. 2011). 
1.2 Tribolium castaneum and fungi 
A wide range of interactions take place routinely between insects and microorganisms 
(Davis et al. 2013). These interactions are often mediated by the volatiles that 
microorganisms produce and emit, and these compounds are used by the insects as 
semiochemicals (Davis et al. 2013, Mills 1983). Insects use semiochemicals to locate 
and/or avoid potential resources, oviposition sites, harmful environments and aggregation 
sites (Davis et al. 2013). For example, several stored product insects, including T. 
confusum (Jacquelin du Val), Sitophilus zeamais (Motschulsky), and Rhyzopertha 
dominica (Fabricius), are repelled by a range of entomopathogenic fungal species that 
infect insects and kill them (Barra et al. 2013). Ambrosia beetles “farm” micro-fungi within 
trees because these fungi provide the beetles’ primary food source, and are highly 
attracted to the volatiles produced by the fungi (Hulcr et al. 2011). Further, the fruit ﬂy, 
Drosophila melanogaster (Meigen), is attracted to fermenting fruits for feeding, mating and 
oviposition because of the micro-fungi that grow on them (Becher et al. 2012). Several 
fungal species have also been isolated from adult T. castaneum, including Aspergillus 
flavus (Link), Asp. niger (van Tieghem), Asp. fumigatus (Fresenius), Penicillium sp., 
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Fusarium sp. and Rhizopus oryzae (Went & Prins. Geerl.) (Kumari et al. 2011). The 
presence of these fungal species on adult beetles suggests that the insects may feed on 
these fungi and/or vector them between sites (Kumari et al. 2011). 
Adult and larval T. castaneum beetles are capable of developing solely on a diet of micro-
fungi, though the developmental success of the insects was variable across the different 
fungal species (Sinha 1966). Adult beetles fed voraciously on Alternaria tenuis ((Fr.) 
Keissl.), Hormodendrum cladosporioides ((Fresen.) G. A. de Vries,), Mucor silvaticus 
((Hagem) Schipper) and Nigrospora sphaerica (Mason), but ate negligible amounts of Asp. 
niger, Asp. ochraceus (Wilhelm) and Streptomyces griseus (Waksman and Henrici) (Sinha 
1966). Also, a control treatment on wheat flour and yeast was not run to provide a relative 
measure of developmental success, and these experiments have never been repeated. 
Although T. castaneum larvae developed on some fungal species, the extent to which they 
can do this and their level of attraction to these species has yet to be ascertained. The 
relationship between T. castaneum and fungi requires further investigation to discern how 
these organisms interact with one another. Moreover, if specific fungal species can attract 
and/or repel T. castaneum then their semiochemicals may be suitable for control and/or 
monitoring purposes. For example, the attractive semiochemicals could be used to 
produce a novel chemical lure, thus increasing the efficiency of traps designed to monitor 
T. castaneum.  
1.3 Tribolium castaneum outside of stored grains 
Aspects of the flight patterns of T. castaneum from and between bulk grain storages have 
been investigated only recently, because this species has been considered to be flightless 
by many (see Ridley et al. 2011). For example, flight activity of T. castaneum beetles is 
highest during summer (February) and lowest during winter (July) around grain storages in 
Southern Queensland (Ridley et al. 2011). Indeed, the beetles were caught flying up to 1 
km away from grain storage facilities throughout the year, though almost no beetles were 
caught in nearby patches of vegetation. Moreover, the beetles caught at different field sites 
>50 km apart were genetically homogeneous, as tested by population genetics techniques 
(Ridley et al. 2011). These results suggest that there is high gene flow between sites and 
that active dispersal regularly takes place in the field. A study by Daglish et al. (2017) 
investigated the flight activity of T. castaneum, around the Tropic of Capricorn in central 
Queensland, and identified that their activity and distribution across the landscape is 
greatest during mid-summer. A study by Rajan et al. (2018) also examined the spatial and 
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temporal distribution of T. castaneum across three regions in India. The study revealed 
that there were mean minimum temperatures associated with T. castaneum flight activity, 
and that relatively low numbers of beetles were captured away from bulk grain storage 
sites compared to similar studies in Australia. Indeed, their results suggested that the 
distribution of T. castaneum across the landscape is defined by several spatial and 
temporal factors, and that these factors can differ between localities.  
The flight directionality of T. castaneum, under field conditions in Queensland, Australia, is 
strongly correlated with downwind flow and they tend to keep low to the ground (~ 1m) as 
they disperse (Rafter et al. 2015). Further, the beetles tended not to fly when the mean 
wind speed was above 3 m sˉ¹. The information summarized above, in combination with 
additional studies, could be used to assist in the development of general model of the 
spatio-temporal dynamics of T. castaneum, regarding the species movement between 
grain storage facilities. However, no study has investigated the spatio-temporal dynamics 
of T. castaneum in relation to sites with large numbers of beetles that do not store grain 
products (as in the cotton seed storages investigated in this thesis), and little is known 
about the production of beetles in other situations (e.g. grain spillages). 
Linted cotton seed is routinely stored in bulk (~100 tons) in South East Queensland, 
Australia, and inevitably becomes heavily infested with T. castaneum through summer 
(pers. comm., A. W. Ridley, Queensland Department of Agriculture and Fisheries, August 
2017). Despite the high densities of beetles, no feeding damage is apparent on any of the 
seeds. Indeed, both whole seed and flour forms of linted cotton seeds cannot support 
larval development in the laboratory (Ahmad et al. 2012c). Furthermore, a study by Ahmad 
et al. (2012b) demonstrated that field collected linted cotton seeds were more attractive to 
the adult beetles than either wheat or sorghum grains. This is significant because these 
beetles are major pests of stored wheat and sorghum grains in Australia, whereas their 
abundance and behavior on linted cotton seeds remain unknown, mainly because 
infestations on stored cotton seeds rarely result in economic loses, though they may 
become a nuisance in nearby housing estates (Subramanyam & Nelson 1999). Fumigation 
is required only when the cotton seed is exported, as cattle fodder, for example (pers. 
comm., A. W. Ridley, Queensland Department of Agriculture and Fisheries, August 2017). 
Further investigation revealed that sterilized linted cotton seeds did not attract the beetles, 
indicating that the presence of microbial species on the lint of the seeds may have been 
responsible for attracting the beetles (Ahmad et al. 2012b). Five unidentified fungal 
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species were isolated from linted cotton seeds stored in Queensland, and the attraction of 
adult T. castaneum beetles to each of these species was tested under laboratory 
conditions (Ahmad et al. 2012a). Each fungal species was tested alone against a blank 
control to measure the attraction of the adult beetles to the fungus. These results showed 
that one of the fungal species attracted the insects, one species repelled them, and the 
remaining three species did not elicit a response. When tested in combination with wheat 
seed against wheat seed alone, none of the fungal species appeared to attract or repel the 
adult T. castaneum beetles (Ahmad et al. 2012a). 
In summary, a more comprehensive study is needed to identify the fungal species 
associated with stored cotton seed and grains to quantify and ascertain the nature of the 
responses that T. castaneum shows with respect to each of these species. Such 
information could lead to the development of more effective chemical lures and/or 
repellents, thus improving the current methods used to monitor and control T. castaneum 
in bulk storage facilities. Furthermore, additional experiments could provide more 
information about the elusive ecology of T. castaneum outside of bulk grain storage by 
identifying its relationships with microorganisms and by ascertaining its dietary preferences 
and limitations. Moreover, understanding the spatio-temporal dynamics of T. castaneum, 
based on its association with different resources, would allow us to model its infestation 
potential between locations. 
1.4 Aims 
The goal of this project was to identify the specific fungal species that are either attractive 
or repellent to T. castaneum and to identify the specific volatiles that those species 
produce. Three primary aims formed the core of the project.  
The first aim was to identify the different fungal species that are present on linted cotton 
seeds in South East Queensland and to assess if T. castaneum could develop on each of 
these. The identification of each species was confirmed by molecular analysis once 
separate fungal species had been isolated from field samples and cultured on suitable 
media. Molecular analysis entailed DNA extraction, amplification and sequencing 
techniques followed by confirmation against legitimate databases. The identity of each 
species was further verified using taxonomic keys, based on morphology. Adult feeding 
and larval rearing tests were used to assess if T. castaneum could survive on a pure 
fungal diet for each of the identified species. Further, toxicity tests were used to determine 
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if any of the fungi were emitting volatile organic compounds that could result in beetle 
mortality. 
The second aim was to assess the attractiveness of each fungal species to T. castaneum 
adults under both laboratory and field conditions. Olfactometer and wind tunnel arenas in 
the laboratory and resource location tests in the field were used to measure the beetles’ 
level of attraction to a range of specific fungal species. The field tests were also used to 
measure the developmental success of field collected T. castaneum larvae on a range of 
fungal species. 
Aim three was to identify the chemical compounds produced by the most attractive and 
repellent fungal species. Fungal volatiles are composed of multiple chemical compounds 
that could each be responsible for either attracting or repelling the adult beetles. The most 
attractive and repellent fungal species had their volatiles analyzed using gas 
chromatography coupled with mass spectrometry (GC-MS). Two different volatile 
extraction methods were used for each fungal species, headspace micro-extraction and 
solid phase micro-extraction. The attractiveness and/or repellency of each compound to 
adult T. castaneum beetles was also assessed in the laboratory using behavioural assays. 
These assays were conducted in a circular area whereby the insects were exposed to 
each compound or combination of compounds with water. 
This thesis investigated each of these three aims using a variety of laboratory and field 
experiments. Each primary aim represents the focus of a chapter in the thesis and 
includes the methods used to assess each question, the results of each test and an 
assessment of those results. Overall, the project has provided insight into the ecology of T. 
castaneum outside of grain storage facilities, in relation to a fungal diet, and presents 
ideas for new chemical lures designed to attract and/or repel T. castaneum in the field, and 
all of these issues are expanded in the final discussion chapter, along with the 
identification of further research priorities. The thesis is written as a series of stand-alone 
journal manuscripts, and as such there is some repetition of material between different 
Chapters. 
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Chapter Two 
 
 
 
 
The dietary relationships of Tribolium 
castaneum with microfungi 
This chapter has been submitted for publication to “Ecological Entomology”. 
 
 
 
 
 
 
26 
 
2.1 Abstract 
The ecology of Tribolium castaneum outside of grain storage facilities is poorly known. 
However, high densities of T. castaneum adults are known to infest stored cotton seeds in 
Queensland, Australia, despite the absence of stored food products in the immediate 
vicinity. Previous studies suggest that the beetles are attracted to the fungal colonies 
growing on the residual fibers that remain on the cotton seeds after ginning, but the 
specifics of this remain unclear, even as to the species of fungi and the chemicals 
involved. In this chapter, 14 fungal species were isolated from stored cotton seeds 
collected from four different sites in Queensland. The feeding preferences of the adult 
beetles and the developmental success of the larvae were recorded for each fungal 
species. Gut analyses of T. castaneum adults, after exposure in no-choice feeding tests, 
showed that the beetles will feed on any one of the 14 fungal species when exposed (over 
14 days) to cotton seeds that had been inoculated with one particular fungal species. The 
developmental success of the larvae varied depending on the fungal species, with most 
fungal species supporting only low levels of successful development (<30% relative to a 
diet of whole meal flour and yeast). Tests with each fungal species and the volatiles they 
release revealed that neither adult nor larval survival was significantly affected by the 
presence of any particular fungal isolate. These results indicate that T. castaneum will feed 
on a variety of fungal species but that none of the tested fungal species on its own 
provides a good larval diet for T. castaneum. Additional choice tests should allow 
determination of which fungal species is more attractive and/or repellent to the insects and 
consequently help to provide more information about the ecology and origins of this pest 
species. 
2.2 Introduction 
The rust-red flour beetle, Tribolium castaneum (Herbst), is one of the most prevalent pests 
of stored products globally, and infests a wide variety of economically important cereal 
grains, including wheat, sorghum and maize (Daglish 2005, Sokal and Sonleitner 1968). 
The beetles tolerate dry environments and, with their high fecundity and good dispersal 
capabilities, can quickly infest and consume large quantities of grain (Campbell et al. 2002, 
Dawson 1977, Khan 1983, Ridley et al. 2011, Semeao et al. 2012, Shafique et al. 2006, 
White 1988). Although the ecology of T. castaneum within grain storage and laboratory 
systems is relatively well documented, little is known about its ecology outside of such 
situations. Consequently, knowledge of the origins of this species and what would have 
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been its original habitat and diet remain obscure. Moreover, current management 
strategies for T. castaneum focus primarily on monitoring their current infestation levels 
within bulk grain storage rather than attempting to monitor and/or manipulate their 
populations within the surrounding environment. Therefore, obtaining a greater 
understanding of the beetles’ ecology, particularly their alternative food sources outside of 
grain storage systems, could lead to the development of more effective management 
options for this pest species. 
Reports of T. castaneum persisting outside of agricultural environments are scant, though 
one study by Jones (1967) reported that considerable numbers of adult beetles and larvae 
were found inside a manure heap on a poultry farm in Great Britain. The author also noted 
that the beetles’ main food material in this heap was probably spilt poultry meal, though 
various microbial biota were also present. Based on these observations, T. castaneum 
populations can maintain themselves on alternative resources outside of grain storage. 
Adult and larval T. castaneum have been shown, experimentally, to be capable of feeding 
and developing on cultures of several fungal species, including Alternaria tenuis, 
Nigrospora sphaerica and Rhizopus arrhizus (Fisher) (Sinha 1966). The beetles could not, 
however, develop when provided only with cultures of Aspergillus niger, Asp. versicolor 
((Vuillemin) Tiraboschi), Helminthosprium sativum (Pammel, C. M. King & Bakke), Mucor 
silvaticus, Penicillium cyclopium (Westling), P. terrestre (C. N. Jensen), Streptomyces 
griseus or Trichoderma viride (Pers.) (Sinha 1966). These findings suggest that T. 
castaneum can feed and develop on some fungal species, but not others, and that the 
extent to which they can develop is dependent on the particular micro-fungal species. 
Each micro-fungal species may, therefore, interact with T. castaneum in a different 
manner, from one another, thus requiring individual assessment.  
Related species in the family Tenebrionidae are also associated with particular fungal 
species and consume them (Sinha 1966, Lik 2005, Holliday et al. 2009). For example, the 
forked fungus beetle, Bolitotherus cornutus (Panzer) (Tenebrionidae), feeds and lives on 
the fruiting bodies of several species of bracket fungi, including Ganoderma applanatum 
((Pers.) Pat), G. tsugae (Murrill), and Fomes fomentarius (Elias Magnus Fries), all of which 
grow on dead wood (Holliday et al., 2009). Moreover, various other stored grain insect 
pests are attracted and/or repelled by fungal volatiles (Pierce et al. 1990). Studies have 
revealed an association between T. castaneum infestation density and the level of fungal 
contamination within grain storage (Bosly and Kawanna 2014). However, no study has 
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attempted to compare the developmental success of T. castaneum on a diet of fungal 
species with a diet of stored food products, such as wheat grains. The difficulty of this task 
lies in the identification of the fungal species that are likely to be associated with the 
beetles outside of grain storage systems. 
Bulk stored cotton seeds, Gossypium hirsutum (L.), in South East Queensland are 
commonly infested with high densities of T. castaneum (Ahmad et al. 2012b), but the 
reason for this is not clear as linted cotton seeds, on their own, support only low levels of 
larval development, whether presented as whole seeds or when crushed into a flour 
(Ahmad et al. 2012b). Despite their poor developmental success on cotton seeds, 
laboratory and field tests have revealed that adult beetles are more attracted to linted 
cotton seeds than to wheat or sorghum grains (Ahmad et al. 2012a). The beetles may, 
therefore, be attracted to the micro-fungi that grow on the linted cotton seeds, though the 
identity of these fungal species remains unknown (Ahmad et al. 2012a). 
We quantified the dietary preferences and developmental success rates of T. castaneum 
on various fungal species, all of which were isolated from linted cotton seeds stored in 
different localities in South East Queensland, Australia, and subsequently identified. We 
hypothesised that T. castaneum adults and/or larvae would feed on some of these fungal 
species and that there would be clear differences across species. Gut analyses, based on 
molecular techniques, were used to assess if T. castaneum had fed on each of these 
fungal species. These results guided the design of rearing tests to determine if beetles 
could develop from egg to adult on any of the fungal species identified, when inoculated 
onto cotton seeds. Finally, experiments were conducted to determine if any of these fungal 
isolates were potentially harmful to the adult, larval or egg stages of the beetles, following 
prolonged exposure to their volatiles. The details of the feeding ecology of T. castaneum 
with respect to the fungal species associated with stored cotton seeds provide insight into 
the broader ecology of this pest species and how this relates to its pest status on bulk 
stored grain products.  
2.3 Materials and methods 
2.3.1 Culturing the fungal isolates 
Linted cotton seed and wheat samples, Triticum aestivum (L.), were obtained from four 
sites in or near grain storage silos in Queensland, over the summer months (December-
29 
 
February) of 2013-2014. The linted cotton seed samples were obtained from Clermont 
(Site A: 22°19'46.8"S 147°41'50.0"E & Site B: 22°32'44.3"S 147°36'47.7"E), Capella 
(22°57'39.8"S 147°48'21.8"E) and Dalby (27°08'55.9"S 151°11'23.9"E), and the wheat 
samples from Dalby (27°16'28.6"S 151°26'05.8"E). Seeds were often stored, in large piles, 
within iron sheds on concrete floors. Seeds were protected from rainfall at each site and 
had been stored there for about 6-9 months prior to our collection. Approximately 10kg of 
cotton seed or wheat was obtained from each site and transported in sealed paper bags, 
by car, to storage. The collected seeds were stored in paper bags at room temperature 
and relative humidity for up to a maximum of 7 days before the fungi were isolated. To 
determine which fungal species were present on the linted cotton seeds and wheat grains, 
12 seeds of wheat or cotton from each site were haphazardly selected for analysis.  
Each cotton seed and wheat grain was brushed across the surface of a single Petri plate 
of sterile potato dextrose agar (PDA) medium. The plates were kept at room temperature 
and monitored over 14 days, during which the number of different fungal and bacterial 
colonies that grew on each plate was monitored. Individual fungal colonies were then 
isolated from these plates and placed aseptically onto separate PDA plates. Once these 
individual colonies had grown for 7 days, a small subsection from each colony was 
sampled and placed onto a nutrient depleted water agar plate, where the subsequent 
mycelial growth on the agar surface was very sparse. This allowed a single hyphal tip to 
be isolated and transferred onto a PDA plate. This small subsection of the colony 
represented a single individual (single genotype) used for future analysis, including 
molecular analysis. 
2.3.2 DNA analysis of fungal species 
Each fungal isolate was left to grow on a separate plate of PDA medium. After 7 days, the 
surface of each plate, covered in fungal mycelia and/or spores, was scraped off, using a 
sterile scalpel blade, into a microfuge tube that was subsequently immersed into liquid 
nitrogen. The mycelia and spores were then ground to powder and the DNA extracted 
using either the cetyltrimethylammonium bromide (CTAB) DNA extraction protocol 
developed by Doyle and Doyle (1990) (with modifications) and/or by using the Isolate II 
Plant DNA Kit (Bioline, London). Briefly, the modified CTAB extraction protocol involved an 
extended centrifugation step of 15 minutes to precipitate the product. Once extracted, 
each DNA sample was stored at -20°C. A UV-Vis spectrophotometer (ND-1000 
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Spectrophotometer, Thermo Fisher Scientific, Waltham, Massachusetts, USA) was used to 
assess the amount and quality of DNA present in each sample. 
Polymerase chain reactions (PCR) using the ITS1 and ITS4 (White et al. 1990) primers 
were used to determine species identity. The PCR reactions were performed in 20 µL 
volumes containing 1 µL of the extracted DNA sample, 8 µL of distilled water, 0.5 µL of 10 
µM primers (both forward and reverse) and 10 µL of Go-Taq (Hot Start Green Master Mix, 
Promega, Madison, Wisconsin, USA). Amplification was carried out in a thermocycler 
(Eppendorf, Master Cycler, Hauppauge, New York, USA) for 5 minutes at 94°C as a first 
denaturation step and then set to repeat the following sequence 35 times: 94°C for 30 
seconds to denature the DNA, 55°C for 30 seconds to allow for the annealing step and 
72°C for 90 seconds for the extension process. Finally, the samples were incubated at 
72°C for 10 minutes for the final DNA extension step. The ITS1 and ITS4 (White et al., 
1990) primers were used to amplify the fungal DNA on the ribosomal gene complex from 
18S to 28S, in each sample. DNA gel electrophoresis was used to visualize the PCR 
products. A 5 µL subsample of each PCR product was loaded onto a 2% (w/v) agarose gel 
in tris/borate/EDTA (TBE) buffer solution and supplemented with 5 µL of ethidium bromide. 
The electrophoresis apparatus was set to 90 V and 400 mA and run for 80 minutes. The 
100bp Quick-load ladder solution (New England Biolabs, Ipswich, Massachusetts, USA) 
was also run alongside samples to determine the length of the DNA products. Once the 
DNA had transitioned through the gel, UV light (312 nm) was used to view its relative 
position to that of the ladder. The PCR product was then cleaned using the Wizard SV Gel 
and PCR Clean-Up System kit (Promega) per manufacturer’s instructions and sent for 
Sanger sequencing at the Australian Genome Research Facility in Brisbane, Australia 
(AGRF), using the ITS1 and ITS4 primers. 
The DNA sequencing results were viewed using the program FinchTV, Geospiza and 
sequences were run through a standard nucleotide Basic Local Alignment Search Tool 
(BLAST) using GenBank, from the National Centre for Biotechnology Information (NCBI, 
USA) website. Each species identified in this way was also identified morphologically using 
the taxonomic keys of Barnett and Hunter (1998) and de Hoog et al. (2000).  
2.3.3 Linted cotton seeds inoculated with fungal isolates 
The linted cotton seeds were sterilized in an autoclave (121°C, 15psi) or with a gamma 
irradiation dose of 25 kGy (Gammacell 220, Cobalt-60). The introduced fungal isolates 
31 
 
formed morphologically identical colonies on the linted cotton seeds that had been 
sterilized with either an autoclave or with gamma irradiation. Fungal isolates, as obtained 
previously from field collected linted cotton seeds, were cultured onto sterilized linted 
cotton seeds, rather than on agarose gel, to ensure that the volatiles in the tests would be 
as similar as possible to those that each fungus would produce under natural conditions 
(i.e. when growing on cotton lint) (Basu et al. 2015). Each isolate was initially cultured on 
PDA medium with the addition of 5 g of sterilized linted whole cotton seeds (~ 20 seeds). 
After one week on the PDA medium, the linted cotton seeds became infested with fungal 
growth. The seeds were then transferred to a plastic container with an additional 100 g of 
sterilized linted cotton seeds and stored in a controlled temperature (CT) room (see 
below). Small volumes of autoclaved distilled water were applied regularly to the 
containers to help promote fungal growth. After one week, the fungal growth within the 
container had visibly spread across each seed. 
2.3.4 Culturing the beetles 
Beetles were obtained from linted cotton seeds collected in Dalby and Warwick, 
Queensland, Australia and placed into four separate jars (~30 beetles/jar), with about 300 
g of culturing medium in each. The culturing medium was composed of 95% whole grain 
flour and 5% yeast. The adult beetles from each jar were separated from the other 
developing beetles every week for four weeks and placed into new jars. This rotation of 
insects was used to control for the ages of the beetles to be used in experiments and 
continued for the duration of the experiment. Beetles were kept in colony for only two 
generations. New insects were regularly obtained from the field throughout the study to 
produce new cultures. The cultures were kept in a CT room at 25°C and at 65% RH. 
2.3.5 Gut content analysis 
Ten adult beetles, obtained from laboratory cultures, were placed into separate, empty, 
plastic containers 48h prior to the experiment with the aim of removing residual gut 
content. Afterwards, the beetles were placed into a Petri dish (Techno Plas, St Marys, 
South Australia, Australia) containing 15 g of sterilized coarse grain sand spread across 
the bottom of the plate to facilitate beetle movement. Five grams of the previously 
prepared fungus-infested cotton seeds (~ 20 seeds) were also placed inside the Petri dish. 
Each of the 14 fungal isolates was tested in this way. Control tests were either blank 
(contained no resource, just sand) or contained sterilized linted cotton seeds. The beetles 
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were monitored once every 4 days, for 14 days, to determine if any insects had died. Dead 
insects were removed and stored in a plastic container at -20°C. After 14 days, all the 
remaining insects, per replicate, were pooled with the dead insects and placed directly into 
a freezer for 24h, prior to further examination. Each of the treatment and control groups 
was replicated four times. 
The insects were surface sterilized with a 2% solution of bleach for one minute (to 
denature any fungal DNA on their external surface) and then placed, as a pooled group 
from a single Petri dish, into microfuge tubes that were subsequently immersed into liquid 
nitrogen. The insects were ground to powder and then placed aseptically into another 
microfuge tube. The Isolate II Plant DNA Kit (Bioline, London) was used to extract both 
fungal (from internal tissues of the beetles) and beetle DNA from the samples. The 
detection of beetle DNA increased confidence in the extraction step as it confirmed PCR 
amplification of the extracted DNA. Two separate primer sets were used for PCR, to 
assess if beetle and/or fungal DNA was present within the sample. The primers included 
0.5 µL of 10 µM ITS primers to identify the fungal species (both ITS1 and ITS4) and 0.5 µL 
of 10 µM T. castaneum identification primers (both C1J2198 and TL2N3014) (Simon et al., 
1994). The PCR product was amplified, with an additional PCR, to increase the 
concentration of fungal DNA.  
Twenty-four additional primers were also designed, based on sequences from NCBI, to 
discern if specific fungal genera/species were present in their guts, since more than one 
fungal species may have been present (Table 2.1). The PCR program used for each of the 
developed primer pairs is also listed (Table 2.6). The gut contents of each treatment group 
were screened for, and only for, the one specific fungal species to which those beetles had 
been exposed during the experimental period. The gut contents of the control groups 
(sterile linted cotton seeds and blanks), across each of their four replicates (eight in total), 
were screened for each of the 14 identified fungal isolates to determine if contamination 
had occurred, on the control plates, during the experiment. 
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Table 2.1. List of primers used to detect the presence of various fungal genera and/or 
species within the gut of Tribolium castaneum. These primers were developed during this 
study with the exception of ANGF79 and ANGR139 (Kanbe et al., 2002), and TEF-Fu3f 
and TEF-Fu3r (Arif et al., 2012). 
Primer 
code 
Primer sequence (5’, 3’) Gene  Product 
size 
Target fungus  
ANGF79 CACGTTCAAGCGGACT
ACGC 
DNA 
topoisomerase 
II 
600 Aspergillus niger 
ANGR139 CAAGATGTTGTCCATCA
CCGCT 
   
AO1 TTTAGCCTGACCCAGA
CCAC 
Nuclear gene 
for 
mitochondrial 
product 
187 Aspergillus 
ochraceus 
AO2 GGCTTTTGCGATATTCC
TGA 
   
ATA1 GGAACTGCACAGAAGC
ATGA 
Beta-tubulin 216 Aspergillus tamarii 
ATA2 GATCGGAGGAGCCATT
GTAA 
   
ATU1 CTACGTTGTCCCACCTT
CGT 
RPB2 234 Aspergillus 
tubingensis 
ATU2 CGAGGACTTCCATGTT
TCGT 
   
AW1 CAAACCATCTCTGGTG
AGCA 
Beta-tubulin  219 Aspergillus wentii 
AW2 CCTGGGTAGGTTGTCA
GCAT 
   
BS1 CCTCAGAGGACAAGCC
TCAC 
Tsr1  170 Byssochlamys 
spectabilis 
BS2 GCGGTTTCGAAGAGAT
GAAG 
   
 
[Continued] 
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EN1 TGGAGAGTGTGGCGTT
GTAG 
Beta-tubulin 153 Epicoccum nigrum 
EN2 CTCTCGGTGGTGGTAC
TGGT 
   
FC1 CGTGAACATGGTGCCT
TTC 
Beta-tubulin 217 Fusarium 
chlamydosporum 
FC2 AACCTCCTTCATGGCA
ACAC 
   
FP1 CTTGGTACCCCTCCTG
ATGA 
Hog1 206 Fusarium 
proliferatum 
FP2 CTCAGGGTCAAATGGA
GGAA 
   
TEF-Fu3f GGTATCGACAAGCGAA
CCAT 
TEF-1α 420 Fusarium spp. 
TEF-Fu3r TAGTAGCGGGGAGTCT
CGAA 
   
H1 GTTCGAGGCTGGTATC
TCCA 
Elongation 
factor 1 alpha 
233 Hypocrea spp. 
H2 GCATGTTGTCACCGTT
GAAG 
   
PC1 CAGCAGCTCAAGGAGG
GTCT 
Translation 
elongation 
factor 1 alpha 
subunit 
198 Penicillium 
citrinum 
PC2 GTCCAGAACGGGAGCG
TAAC 
   
RO1 GTTCGTTTGATGCCATC
CTT 
Sap4 173 Rhizopus oryzae 
RO2 GGTAGAGGAGCCAATG
GTGA 
   
TH1 CCACCGTCCAGTACGA
TTCT 
Endochitinase 
(chi1) mRNA 
250 Trichoderma 
harzianum 
TH2 GAGTTGGGGTAGCTCA
GCAG 
   
Table 2.1. Continued. 
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2.3.6 Rearing tests 
Ten beetle eggs (sieved from the culture medium of the laboratory colony) were placed 
into each of 17 1 L plastic containers, each containing 200 g of a resource: either a mixture 
of whole meal flour (95%) and yeast (5%), whole wheat grains, sterilized linted cotton 
seeds, or one of 14 batches of linted cotton seeds each of which had been inoculated with 
a different fungal isolate. The plastic containers were kept in an incubator set to 28.5°C 
and 60% RH. After 55 days, each container was emptied and all the live and dead adult 
beetles were removed, tallied and stored in ethanol. The medium was checked for any 
residual larvae and pupae, an indication that delayed development had occurred. Each 
treatment was replicated three times during the experiment. One-way ANOVA tests were 
used to determine if there were differences between the treatments, regarding the number 
of adults, pupae and larvae present in the containers after 55 days.  
2.3.7 Effects of fungal volatiles on adults 
Ten adult beetles were placed into one side of a half-plate Petri dish (Techno Plas) 
containing 10 g of flour. The flour facilitated beetle movement and provided food for the 
beetles, thus reducing any influence of starvation. The other half of the half-plate Petri dish 
held 5 g of pre-sterilized linted cotton seeds infested with a single fungal isolate. The 
beetles could not move between the two halves of the Petri dishes because they could not 
ascend the plastic barrier in the centre of each dish that separated the two halves, due to 
their inability to climb its surface. Control plates contained only flour or 5 g of sterilized 
cotton seed, with the other half empty. The beetles were monitored once every 4 days, for 
14 days, to determine if any insects had died as a result of the presence of lethal volatiles. 
The Petri dishes were closed, but were not sealed shut. This experiment was repeated for 
each fungal species isolated from cotton seeds, and replicated four times. A one-way 
ANOVA test was used to determine if there were any differences between the treatments, 
regarding the total number of deceased adults found inside the Petri dishes at the end of 
experiment. Further, a repeated measures ANOVA test was used to determine if there was 
a difference in the total number of deceased adults found in the Petri dishes across days, 
including days 4, 8, 12 and 14. 
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2.3.8 Effects of fungal volatiles on eggs and larvae 
Ten beetle eggs were placed into one side of a half-plate Petri dish containing 10 g of 
flour, for 55 days, to allow for the development of the larvae that hatched. The flour 
facilitated beetle movement and provided them with food. The other half of the Petri dish 
held 5 g of linted cotton seeds infested with a single fungal isolate, as above, and so the 
eggs and developing larvae were exposed continuously to the volatiles released by the 
fungi. The Petri dishes were kept in an incubator set to 28.5°C and 60% RH. After 55 days, 
each Petri dish was emptied, and all the live and dead adult beetles were removed, tallied 
and stored in ethanol. The medium was also checked for any residual larvae and pupae as 
an indication that delayed development had occurred. This experiment was repeated for 
each fungal species isolated from cotton seeds and replicated four times. Control plates 
contained only flour or 5 g of sterilized cotton seed and each control was also replicated 
four times. A one-way ANOVA test was used to determine if there were any differences 
between the treatments, regarding the number of adults present in the containers after 55 
days.  
2.3.9 Statistical analysis 
All statistical analyses were performed in R (R Development Core Team 2009). One-way 
ANOVA tests were used to determine if there were significant differences between 
different treatments in each experiment (see above). All the assumptions of an ANOVA, 
including data normality, equal variance between treatments, and independence of 
samples, were met prior to the analyses. In some cases, data were log10 transformed to 
achieve normality, to meet the assumptions of an ANOVA. Pairwise t-test analyses, using 
the Bonferroni adjustment, were used to discern which treatments were significantly 
different from one another, in circumstances when ANOVA tests revealed significant 
differences between the treatments. 
2.4 Results 
2.4.1 Identification of fungal isolates on linted cotton seeds and wheat grains 
Eighteen fungal species, as listed in Tables 2.3 and 2.4, were isolated from linted cotton 
seeds and wheat grains. The morphological descriptions of the fungal colonies, on PDA, 
matched those found in the literature (Barnett & Hunter 1998, de Hoog et al. 2000). 
Fourteen of the 18 fungal species were isolated from linted cotton seeds and there was no 
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overlap in fungal species identified across the two seed types. Samples collected from 
Dalby revealed the highest number of apparently distinct species (11 from cotton seeds 
and four from wheat grains), whilst those from Capella had the lowest (six species). Four 
fungal species, Fusarium chlamydosporum, Penicillium citrinum, Aspergillus niger and 
Rhizopus oryzae, were found at all four sites at which the linted cotton seeds were 
sampled. 
Table 2.2. The NCBI BLAST results with the highest alignment, based on the identity (Ident - percent similarity between the query and 
subject sequences over the length of the coverage area) for each fungal species that was identified on linted cotton seeds and wheat 
grains. The length of each BLAST sequence, a summary of the morphological traits of each species, when grown on PDA medium, and 
the accession numbers for each isolate, for both The University of Queensland (UQ) and GenBank, is included. 
Species Length NCBI alignment result Accession numbers Colony morphological observations on PDA 
  Ident Accession 
number 
UQ GenBank  
Acremonium sp. 421bp 100% HQ631064.1 UQ6507 MG252039 Extensive aerial mycelium; long branching 
mycelium. 
Aspergillus niger 
(van Tieghem) 
453bp 92% KF221088.1 UQ6475 MG252040 Black colonies; large (100 µm) spherical 
vesicles radiate with extensive spherical black 
conidiophores. 
374bp 93% KF751668.1 UQ6476 MG252041 
442bp 92% KF221088.1 UQ6477 MG252042 
458bp 92% KF221088.1 UQ6478 MG252043 
Aspergillus 
ochraceus 
(Wilhelm) 
441bp 97% NR077150.1 UQ6479 MG252044 Yellow/golden colonies; spherical vesicles 
radiate with extensive conidiophores. 
Aspergillus tamarii 
(Kita) 
456bp 99% NR135325.1 UQ6480 MG252045 Green colonies; brown colonies when grown 
on cotton seeds; spherical vesicles (50 µm). 460bp 99% KC874831.1 UQ6481 MG252046 
Aspergillus 
tubingensis 
(Mosseray) 
526bp 100% KY593524.1 UQ6482 MG252047 Black colonies; white mat of mycelia; spherical 
vesicles radiate with extensive conidiophores. 
[Continued] 
39 
 
 
Aspergillus wentii 
(Wehmer) 
491bp 100% NR077152.1 UQ6483 MG252048 Orange/yellow colonies; large (>100 µm) 
spherical vesicles radiate with extensive 
conidiophores. 
Byssochlamys 
spectabilis 
(Udagawa & Shoji 
Suzuki) 
481bp 100% KC157703.1 UQ6484 MG252049 Flat green/brown colonies; loosely branched 
conidiophores. 
Epicoccum nigrum 
(Link) 
471bp 100% KT276982.1 UQ6506 MG252050 White mycelia; yellow/golden conidia. 
Fusarium 
chlamydosporum 
(Wollenw. & 
Reinking) 
481bp 100% HQ671187.1 UQ6485 MG252051 White/pink mycelia; extensive aerial 
mycelium; long branching mycelium with 
conidiophores spread throughout colony. 
477bp 99% KX783373.1 UQ6486 MG252052 
484bp 100% KX783373.1 UQ6487 MG252053 
482bp 99% KY211035.1 UQ6488 MG252054 
Fusarium 
proliferatum 
(Matsush.) 
491bp 100% MF992180.1 UQ6489 MG252055 White mycelia; extensive aerial mycelium; 
long branching mycelium with conidiophores 
spread throughout colony. 
Fusarium thapsinum 
(Klittich, Leslie, 
Nelson & Marasas 
431bp 100% KX681578.1 UQ6490 MG252056 White mycelia; extensive aerial mycelium; 
long branching mycelium with conidiophores 
spread throughout colony. 
Fusarium sp. A 421bp 90% KF293361.1 UQ6491 MG252057 White mycelia; extensive aerial mycelium; 
long branching mycelium with conidiophores 
spread throughout colony. 
Table 2.2. Continued. 
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Fusarium sp. B 421bp 100% KX599243.1 UQ6492 MG252058 White mycelia; long branching mycelium with 
conidiophores spread throughout colony. 
Hypocrea sp. 551bp 99% KF746133.1 UQ6493 MG252059 White mycelia; green conidia; loosely 
branched conidiophores. 
Penicillium citrinum 
(Thom) 
466bp 100% KT336531.1 UQ6494 MG252060 White mycelium, grey/green conidia (in large 
group); conidiophores in long chains; slow 
growing compared to other fungi. 
491bp 100% KX421468.1 UQ6497 MG252061 
468bp 99% KX421468.1 UQ6496 MG252062 
462bp 99% KY074647.1 UQ6495 MG252063 
Penicillium 
funiculosum 
(Thom) 
401bp 99% JQ717348.1 UQ6498 MG252064 Green mycelium, green conidia; 
conidiophores in long chains, phialides flask-
shaped. 
Rhizopus oryzae 
(Went & Prins. 
Geerl.) 
451bp 99% KP784372.1 UQ6499 MG252065 White mycelia; extensive aerial mycelium; 
large (>100 µm) black sporangiophores with 
lots of sporangiospores inside. 
446bp 99% MF767597.1 UQ6500 MG252066 
455bp 98% MF850353.1 UQ6501 MG252067 
453bp 98% MF850353.1 UQ6502 MG252068 
Trichoderma 
harzianum (Rifai) 
501bp 99% KX421472.1 UQ6503 MG252069 Flat green/ brown colonies; loosely branched 
conidiophores. 471bp 99% KT030877.1 UQ6505 MG252070 
434bp 98% KY381962.1 UQ6504 MG252071 
Table 2.2. Continued. 
Table 2.3. Fungal species identified on linted cotton seeds and wheat grains at each of 
four sites in South East Queensland. The wheat and cotton seed samples taken at Dalby 
were from different localities near Dalby. Species presence (+) or absence (-) at each site. 
Each fungal species was identified on the basis of sequence analysis of the ITS region 
and its morphological characteristics (see Table 2.2). 
 Cotton seed  Wheat grain  
Species Clermont A 
22°19'46.8
"S 
147°41'50.
0"E 
Clermont B 
22°32'44.3
"S 
147°36'47.
7"E 
Capella 
22°57'39.
8"S 
147°48'2
1.8"E 
Dalby 
27°08'55.
9"S 
151°11'2
3.9"E 
Dalby 
27°16'28.6
"S 
151°26'05.
8"E 
Acremonium sp. - - - - + 
Aspergillus niger + + + + - 
Aspergillus ochraceus + - - - - 
Aspergillus tamarii - + + - - 
Aspergillus tubingensis - - - + - 
Aspergillus wentii - - - + - 
Byssochlamys spectabilis - - + - - 
Epicoccum nigrum - - - + - 
Fusarium 
chlamydosporum 
+ + + + - 
Fusarium proliferatum - - - + - 
Fusarium thapsinum - - - - + 
Fusarium sp. A - - - + - 
Fusarium sp. B - - - - + 
Hypocrea sp. - - - + - 
Penicillium citrinum + + + + - 
Penicillium funiculosum - - - - + 
Rhizopus oryzae + + + + - 
Trichoderma harzianum + + - + - 
Total species 6 6 6 11 4 
 
 
42 
 
2.4.2 Gut content analysis 
The beetles in all four replicates of each of the treatment groups Asp. ochraceus, Asp. 
tamarii, Asp. tubingensis, Asp. wentii, B. spectabilis, Fusarium spp. and P. citrinum 
consumed the particular fungal species to which they had been exposed, whereas the 
beetles in the remaining treatments consumed the fungus only in half of the replicates (or 
fewer) (Table 2.5). The sterile seed control tests showed that beetles in each of the four 
replicates had one of the following fungal species and/or genera associated with them: 
Asp. tamarii, B. spectabilis, Fusarium spp. and/or Hypocrea spp. (Table 2.5). Similarly, the 
blank tests revealed that beetles in each of the replicates had consumed at least one of 
the following fungal species and/or genera: Asp. tamarii, Fusarium spp. and/or Hypocrea 
spp. (Table 2.5), all of which had been recorded in the sterile seed control test. Therefore, 
it is possible that the beetles in the treatment groups had also consumed one of these 
other four fungal species. 
Table 2.4. Gut content analysis of beetles, based on PCR analyses (see methods), fed on 
linted cotton seeds infested with isolates of particular fungi. Presence (+) indicates fungus 
was extracted from a pool of ten beetles and so at least one beetle in the replicate had the 
fungus in their gut when collected. Absence (-) indicates no beetles in the replicate had the 
fungus in their gut at the time of assessment. 
Species        Replicates for each treatment  
 1 2 3 4 
Aspergillus niger + - + + 
Aspergillus ochraceus + + + + 
Aspergillus tamarii + + + + 
Aspergillus tubingensis + + + + 
Aspergillus wentii + + + + 
Byssochlamys spectabilis + + + + 
Epicoccum nigrum + + + - 
Fusarium chlamydosporum + - + + 
Fusarium proliferatum - - + + 
Fusarium sp. + + + + 
Hypocrea sp. + + + - 
Penicillium citrinum + + + + 
[Continued] 
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Rhizopus oryzae + + + - 
Trichoderma harzianum - + + + 
Table 2.5. Gut content analysis of beetles that were placed into Petri dishes that contained 
either sterile linted cotton seeds or were left empty (blank). Presence (+) indicates fungal 
DNA, belonging to a single species, was extracted from a pool of ten beetles and identified 
based on PCR analysis (see methods). Absence (-) indicates no beetles in the replicate 
had that particular fungal species in their gut at the time of assessment. The four replicates 
for both the sterile seeds and the blank tests are represented by 1, 2, 3 and 4. 
Species Sterile seeds Blank 
 Replicate Replicate 
 1 2 3 4 1 2 3 4 
Aspergillus niger - - - - - - - - 
Aspergillus 
ochraceus 
- - - - - - - - 
Aspergillus tamarii + + + + + - + - 
Aspergillus 
tubingensis 
- - - - - - - - 
Aspergillus wentii - - - - - - - - 
Byssochlamys 
spectabilis 
- - - + - - - - 
Epicoccum nigrum - - - - - - - - 
Fusarium 
chlamydosporum 
- - - - - - - - 
Fusarium 
proliferatum 
- + - - - + - - 
Fusarium sp. + + + + + - + - 
Hypocrea sp. + - - + + + - + 
Penicillium citrinum - - - - - - - - 
Rhizopus oryzae - - - - - - - - 
Trichoderma 
harzianum 
- - - - - - - - 
 
Table 2.4. Continued. 
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2.4.3 Rearing tests 
Eggs placed on cotton seeds infested with Asp. tubingensis, B. spectabilis, E. nigrum, F. 
chlamydosporum, F. proliferaturm, Fusarium sp., Hypocrea sp., P. citrinum or T. 
harzianum did develop into adults (Fig. 2.1). Some fungal treatments yielded no adults 
(namely, Asp. niger, Asp. ochraceus, Asp. tamarii, Asp. wentii and R. oryzae) and these 
results are not included in Fig. 2.1. No larvae or pupae were found in any of the treatment 
or control groups, so all larvae and pupae that survived had become adults, and thus most 
beetle mortality had occurred during the egg sage. There was a statistically significant 
difference across the treatment and control groups (ANOVA, df = 16, P = 0.035), regarding 
the number of beetles that developed into adults. Pairwise analyses, using the Bonferroni 
adjustment, revealed there were significantly more adults present in the whole meal flour 
plus yeast group compared to each other treatment and control group (pairwise t. test, 
P<0.05) and that there was no significant difference between each other treatment or 
control group.  
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Figure 2.1. The mean number of beetles that developed into adulthood when exposed to 
either whole meal flour plus yeast, whole wheat grains, sterilized linted cotton seeds, or 
one of nine fungal species that were grown on linted cotton seeds, 50 days after 10 eggs 
had been placed there, per plate (n = 3). Those fungal species that supported no 
successful larval development (namely, Asp. niger, Asp. ochraceus, Asp. tamarii, Asp. 
wentii and R. oryzae) are not included in the figure. Bars indicate the range of adults 
recorded per plate for each treatment. 
2.4.4 Effects of fungal volatiles on adults 
The blank control tests resulted in no mortality across the replicates over the entire 14-day 
period. The highest mortality was associated with Asp. tubingensis, where single insects 
died, in one replicate, on days 4, 8, 12 and 14. No significant difference was detected in 
the total number of deceased insects across each of the control and treatment groups 
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(ANOVA, df = 15, F = 1.4615, P = 0.1585) or across days (ANOVA, df = 9, F = 0.14, P = 
0.998474), so these results are not plotted. 
2.4.5 Effects of fungal volatiles on eggs and larvae 
The number of eggs that developed into adults varied across the treatment and control 
groups but the differences across them were not statistically significant (ANOVA, df = 15, 
P = 0.385), so these results are not plotted. No larvae or pupae were found in any of the 
treatment or control groups, so all those that survived the egg stage had transformed into 
adults by the end of the experiment. 
2.5 Discussion 
Fourteen fungal species were found on linted cotton seeds in Queensland, Australia 
(Table 2.4), and further surveys are likely to find more. Based on the DNA sequence 
analysis of the ITS ribosomal gene complex, most of the identified genera, including 
Aspergillus, Fusarium, Rhizopus and Penicillium, have previously been reported on baled 
cotton fibers (ginned cotton lint) in various locations worldwide, including China, 
Zimbabwe, Iran and the USA (Lane and Sewell 2006). Therefore, the findings presented 
by Lane and Sewell (2006), in combination with this study, suggest that the range of fungal 
genera present on bulk stored cotton seeds and on cotton lint may be similar worldwide. 
Further, their study found that Aspergillus niger was the most widely distributed fungal 
species. Several of the identified species and/or genera in this study, including Asp. 
ochraceus, R. oryzae, Fusarium sp. and P. citrinum, have previously been isolated from 
either adult and/or larval T. castaneum beetles that had been obtained from stored wheat 
grains or laboratory cultures reared on wheat flour (Sinha and Sinha 1991, Kumari et al. 
2011). Moreover, Asp. niger and Asp. ochraceus have been isolated from stored grain 
products that were infested with T. castaneum (Sinha 1971, Bosly and Kawanna 2014). 
Therefore, T. castaneum would probably have continuous access to a suite of fungal 
species while infesting a wide variety of stored food products, regardless of their location 
worldwide.  
Our results have shown that the adult beetles will feed on all the fungal species that were 
isolated from stored linted cotton seeds, at least when the insects were held within close 
proximity to the fungi (Table 2.5). However, these results give no indication of whether the 
adult beetles are more attracted to one particular fungal species over another, or feed 
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more from one than another, or even benefit from a diet of mixed fungal species. It is clear, 
though, that T. castaneum larvae cannot develop into adults on whole linted cotton seeds 
themselves or on cotton seed flour (Ahmad et al. 2012b), but we did find in our preliminary 
results (see supporting information) that successful larval development did take place on 
whole sterilized linted cotton seeds, but at low levels (40%) relative to the whole meal flour 
and yeast controls (Fig. 2.2). Gut analyses of the beetles that had developed on these 
cotton seeds showed that they had consumed some fungi despite the seeds having been 
sterilized. Perhaps the beetles located small sources of residual contamination, which 
suggests that they had actively searched for the fungal material. In the tests on whether 
beetles would eat particular fungi (Table 2.5), subsequent gut content analyses of beetles 
exposed to sterilized linted cotton seeds and to nothing at all to feed on (blank tests) 
showed that they had consumed up to four different fungal species (Table 2.5), through 
airborne contamination, or, more likely, in prior feeding before entering the arena, despite 
our attempts to clear their guts beforehand. Whichever is the case, it is clear that adult and 
larval beetles consume a variety of fungal species while they are kept on either linted 
cotton seeds or whole meal flour and yeast. 
Most of the fungal species, on their own, supported development to the adult stage, 
though some did not (Fig. 2.1). We had not anticipated, however, that these fungi would 
support only low levels of successful development, with all being significantly lower than 
the wheat flour and yeast control group (Fig. 2.1 & 2.2). Despite these fungal species not 
providing the complete diet that we expected (relative to that of wheat flour and yeast), 
tests to determine the effects of the fungal volatiles on both the adult and larval beetles 
revealed that none of the fungal isolates resulted in significant levels of mortality, so these 
fungal isolates do not seem to produce mycotoxins that kill beetles, as seen in previous 
studies (Rumbos & Athanassiou 2017). However, some Aspergillus species, including A. 
niger, are known to cause human health issues (de Hoog et al. 2000). Therefore, 
additional tests may be required to demine if these species are harmful to T. castaneum 
under various circumstances (e.g. longer exposure time, varying temperatures, etc.). 
Our results also show that the developmental success of T. castaneum into adulthood, on 
wheat grains (Fig. 2.1), is similar to that recorded in previous studies, where only low 
levels (~10%) of developmental success were recorded when the insects were reared on 
marginally damaged wheat grains (White, 1982). Therefore, populations of T. castaneum, 
in the field, may develop successfully into adulthood on particular fungal species to the 
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same extent as they do on stored wheat grains (Fig. 2.1), though additional trials are 
required to test this hypothesis. 
Our study shows that T. castaneum adults and larvae will feed on a variety of fungal 
species across various substrates including linted cotton seeds, whole wheat grains and 
whole meal flour plus yeast. Despite the tolerance of T. castaneum for extremely dry 
environments, populations have been shown to increase at higher rates when grown in 
moist grain, which also promotes fungal growth (Hulasare et al. 2003). That T. castaneum 
can be reared in greater numbers when provided wheat flour mixed with dry baker’s yeast, 
compared to wheat flour alone, is also widely appreciated. If the dietary composition, 
particularly during the earlier developmental stages, of T. castaneum is associated with the 
availability of particular fungal species this would help explain why T. castaneum is found 
across a variety of different habitats and why they are attracted to stored food products 
that have been colonized by fungal species (Ridley et al. 2011, Ahmad et al. 2012a, b). 
We therefore propose that particular fungal species, associated with T. castaneum, do 
impact the movement and colonization behaviours of T. castaneum and thus its spatio-
temporal dynamics in the field. 
The original environment inhabited by T. castaneum beetles before the introduction of bulk 
stored food products, and its ecology in that environment, remains unknown. The results 
presented here, together with those of Sinha (1966) and Kumari et al. (2011), suggest that 
the original diet of T. castaneum beetles and larvae, prior to the introduction of storage for 
grains at the time of the first agricultural revolution, probably included a range of fungal 
species, including at least some of those identified in this study. Moreover, fungal species 
of one type or another may have assisted in the transition of T. castaneum onto stored 
food products, since many fungal species are common across resource types (i.e. stored 
grains and live plant material). We therefore propose that T. castaneum was preadapted to 
feeding on stored grain products and is not reliant on their presence in the environment for 
its persistence. However, the abundance of T. castaneum must have been increased 
substantially by the development of bulk grain storage.  
It is probable that dispersing beetles, originating from nearby (<10 km) cotton seed storage 
sites, contribute to the infestation of nearby stored grain facilities, but the relative extent of 
this movement and its importance with respect to stored grain remains unclear (Daglish et 
al. 2017). Whether cotton seed storage is the main contributor to the infestation of nearby 
grain facilities needs to be investigated directly. Because T. castaneum infestations can 
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start with the arrival of a single female beetle, screening for the arrival of early invaders is 
extremely difficult. However, since T. castaneum is known to disperse over large distances 
(1 km) (Ridley et al. 2011, Daglish et al. 2017), evidence suggests that cotton seed 
storage is at least one of the contributing sources of pests to any facilities storing grain or 
related products.  
This study has not tested whether any of the identified fungal species actually attract T. 
castaneum beetles. Hence, identifying the potential attraction and/or arrestment activities 
of T. castaneum in relation to each of the identified fungal isolates (Table 2.4) warrants 
quantitative evaluation. Such additional tests will reveal whether the beetles show stronger 
responses to any particular fungal species and thus provide further confirmation that the 
ecology of T. castaneum is associated with particular fungal species. 
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2.6 Supporting information 
Table 2.6. List of primer pairs and thermocycling conditions developed to detect the 
presence of various fungal genera and/or species within the gut of Tribolium castaneum. 
Primer codes Specificity  Thermocycling conditions 
ANGF79 & 
ANGR139 
Aspergillus niger 95°C for 10 min, 35 cycles; 95°C for 30 
sec, 55°C for 30 sec, and 72°C for 20 
sec, 68°C for 10 min 
AO1 & AO2 Aspergillus ochraceus 95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
ATA1 & ATA2 Aspergillus tamarii 95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
ATU1 & ATU2 Aspergillus tubingensis 95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
AW1 & AW2 Aspergillus wentii 95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
BS1 & BS2 Byssochlamys 
spectabilis 
95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
FC1 & FC2 Fusarium 
chlamydosporum 
95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
FP1 & FP2 Fusarium proliferatum 95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
TEF-Fu3f & TEF-
Fu3r 
Fusarium spp. 95°C for 10 min, 35 cycles; 95°C for 30 
sec, 55°C for 30 sec, and 72°C for 20 
sec, 68°C for 10 min 
[Continued] 
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H1 & H2 Hypocrea spp. 95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
PC1 & PC2 Penicillium citrinum 95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
RO1 & RO2 Rhizopus oryzae 95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
TH1 & TH2 
 
Trichoderma 
harzianum 
95°C for 1 min, 35 cycles; 95°C for 15 
sec, 55°C for 15 sec, and 72°C for 30 
sec, 68°C for 10 min 
2.6.1 Rearing test 
2.6.1.1 Methods 
Thirty Tribolium castaneum eggs were placed into each of 17 10 L polystyrene boxes, 
each containing 4 L of resource: a mixture of whole meal flour (95%) and yeast (5%), 
whole wheat grains, sterilized linted cotton seeds or one of 14 fungal species that were 
grown on linted cotton seeds (see methods: Linted cotton seeds inoculated with fungal 
isolates). The polystyrene boxes were kept in a CT room set to 30°C and 60% relative 
humidity. After 50 days, each box was emptied and all the live and dead adult beetles 
were removed, tallied and stored in ethanol. The medium was also checked for late stage 
larvae and pupae that would indicate delayed development. The pooled gut contents of the 
adult beetles collected from the three control groups (whole meal flour and yeast, whole 
wheat grains and sterilized linted cotton seeds) were screened for each of the previously 
identified fungal isolates (Table S2) and were analysed as a single pooled group (see 
methods: Gut content analysis). This experiment was not replicated. 
2.6.1.2 Results and Discussion 
Every beetle inside the whole meal flour and yeast medium reached adulthood, while none 
of the eggs placed on linted cotton seeds inoculated with Hypocrea sp. developed to 
adulthood (Fig. 2.2). Further, 60%, or more, of the beetles developed into adulthood when 
exposed to a diet of either wheat grains, Byssochlamys spectabilis or F. proliferatum (Fig. 
Table 2.6. Continued. 
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2.2). These results indicate that several fungal species have the same propensity for 
successful adult development as do wheat grains, a commercial resource they are known 
to infest. However, these results do not mimic the outcomes observed in subsequent trails 
(reported in the body of the paper) which resulted in substantially smaller developmental 
success rates across each resource type (Fig. 2.1). The higher developmental success 
rates observed in this experiment may be due to the larger volume of resources provided 
and/or the increased box size, though further replication is required to test this claim. No 
late stage larvae were found in any of the treatment or control groups. Several fungal 
species were identified in the guts of the adult insects that were reared on whole meal flour 
and yeast, whole wheat grains or sterilized linted cotton seeds (Table 2.7). 
 
Figure 2.2. The percentage of beetles that developed to adulthood within the treatment 
and control groups, 50 days after 30 eggs had been introduced into each arena. The test 
was not replicated. 
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Table 2.7. Gut content analyses of the beetles that were reared on whole meal flour and 
yeast, wheat grains and sterilized linted cotton seeds. All the adult beetles from each 
group (e.g. wheat grains) were pooled together for use in the analysis. Presence (+) 
indicates at least one beetle in the group had that specific fungus in their gut when 
collected. Absence (-) indicates that the fungus was not detected in the guts of the beetles. 
Species Whole meal flour 
and yeast (n = 30) 
Wheat grains 
(n = 18) 
Sterilized linted 
cotton seeds (n = 13) 
Aspergillus niger - - - 
Aspergillus ochraceus - + - 
Aspergillus tamarii - - - 
Aspergillus tubingensis + + - 
Aspergillus wentii - - + 
Byssochlamys spectabilis + + - 
Epicoccum nigrum - + - 
Fusarium chlamydosporum - - - 
Fusarium proliferatum - + - 
Fusarium sp. + + + 
Hypocrea sp. - + - 
Penicillium citrinum - - - 
Rhizopus oryzae - - + 
Trichoderma harzianum - - - 
 
Note: This study was not replicated, thus it is not strong. 
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Relative attraction of the stored grain 
pest, Tribolium castaneum, to a range of 
fungal species 
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3.1 Abstract 
The links between Tribolium castaneum and microbial fungal species and their associated 
semiochemicals is not well known. However, semiochemicals produced by fungal species 
that are associated with linted cotton seeds have been shown to attract and/or repel T. 
castaneum, though the identity of those species is not known. Recent studies have 
identified several fungal species that are associated with linted cotton seeds and can 
support T. castaneum development from an egg through to the adult stage. In this study, 
14 fungal species, previously isolated from stored cotton seeds, were assessed for their 
ability to attract and/or repel T. castaneum adults. Y-tube olfactometer and wind tunnel 
assays were conducted to determine if any of the fungal species were attractive and/or 
repellent to the adult beetles, under laboratory conditions. Tribolium castaneum adults 
were attracted to the volatiles associated with Aspergillus tamarii and repelled by those of 
Asp. ochraceus, Epicoccum nigrum and Penicillium citrinum, in the olfactometer tests. 
Further, volatiles associated with Asp. tubingensis were repellent to the beetles, in the 
wind tunnel tests. Field tests were also used to determine if the beetles would be attracted 
to and/or repelled by Asp. tamarii, Asp. ochraceus, R. oryzae or Fusarium proliferatum, 
each of which was grown on sterilized linted cotton seeds, as opposed to clean cotton 
seeds (negative control). Moreover, the linted cotton seeds were collected, after four days, 
to discern if any field beetles had laid eggs on them and to determine the relative 
developmental success of larvae on those resources. Neither the flying or walking beetles 
were attracted to, or repelled by, any of the fungi, based on the results of the field tests. 
Furthermore, the post-field oviposition and larval development data revealed that neither of 
the treatment groups resulted in significantly higher levels of developmental success than 
the negative control. These results indicate that T. castaneum is attracted to and repelled 
by a variety of fungal species under laboratory conditions, whereas field assessments 
revealed that none of the tested fungal species caught more beetles than the controls. 
3.2 Introduction 
Symbiotic interactions between insects and fungi help provide for these organisms across 
a multitude of environments and have a profound influence on local diversity (Davis et al. 
2013, Leather et al. 2014). Fungi produce volatile organic compounds (VOC’s), and those 
that insects key into for the location of potential resources and oviposition sites, or to avoid 
hazards, are called semiochemicals (Bruyne and Baker 2008, Boone et al. 2008, Davis et 
al. 2013, Hung et al. 2015). For example, the dried-fruit beetle, Carpophilus hemipterus 
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(Nitidulidae), causes extensive damage to various agricultural products, including banana 
fruits (Phelan & Lin 1991). Although C. hemipterus is attracted to banana fruits, choice test 
analyses revealed that the beetles are more attracted by bananas that have been 
inoculated with the fungus Saccharomyces cerevisiae (Meyen ex E. C. Hansen), over 
aseptic bananas, due to their preference for oviposition in infested fruit (Phelan & Lin 
1991). Moreover, S. cerevisiae is also highly attractive to the fruit fly, Drosophila 
melanogaster, and can sustain larval development of this species (Becher et al. 2012). 
Conversely, the plant pathogen, Penicillium expansum (Link), reduces the attraction to the 
pine weevil, Hylobius abietis (Linnaeus), of its common food source, pine bark (Azeem et 
al. 2013). 
Some fungal species have been used as biocontrol agents against pest insects (Amala et 
al. 2007, Herrera et al. 2015). These can deter these organisms from feeding or 
ovipositing on a resource, and these have been used to protect stored food products 
(Davis et al. 2013, Herrera et al. 2015). Pest monitoring schemes often rely on potent lures 
to attract insect pests (Burkholder & Ma 1985, Campbell et al. 2002). Fungal VOC’s can be 
applied to these lures to increase the attraction of target insect species to the traps (Kuhns 
et al. 2014). Indeed, synthetic VOC’s, produced by the fungus Raffaelea lauricola (T. C. 
Harr., Fraedrich & Aghayeva), can be added to commercial Manuka oil lures that are used 
to monitor ambrosia beetles to increase their attractiveness to the insects, and therefore 
increase their efficiency as monitoring tools (Kuhns et al. 2014). 
Tribolium castaneum, also known as the rust-red flour beetle, is a major pest of stored 
grain products worldwide (Nansen et al. 2004, Shafique et al. 2006, White 1987). The 
beetles infest and feed on a variety of stored food products including maize, wheat and 
sorghum (Hagstrum et al. 2013). Adult beetles also appear to be strongly attracted to bulk 
stored cotton seeds, though they do not feed on the seeds directly (Ahmad et al. 2012c). 
Indeed, cotton seed flour does not even support the development of these insects (Ahmad 
et al. 2012c). Instead, the insects appear to be attracted to and feed on the micro-fungi 
that grow on the linted cotton seeds, though the extent of this attraction is not clear 
(Ahmad et al. 2012a, Chapter 2, Thesis). Preliminary studies by Ahmad et al. (2012a) 
have revealed that the beetles may be attracted to and repelled by any number of fungal 
species that are present on the seeds. Indeed, the study isolated five fungal species from 
linted cotton seeds, though none of them were identified. Olfactometer tests showed that 
57 
 
one of the unidentified fungal species repelled the adult beetles, one of them attracted the 
beetles, and the remaining three species did not elicit a response. 
I investigated the attraction of T. castaneum to each of the 14 fungal species that have 
recently been isolated from linted cotton seeds collected across South East Queensland, 
Australia (Chapter 2, Thesis). Laboratory choice test experiments involving a y-tube 
olfactometer and wind tunnel assays were used to assess the attraction of adult beetles to 
each fungal species. The attractiveness of commercial pheromone lures and whole wheat 
grains, to the beetles, was also assessed under these conditions, so that the relative 
attraction or repellent characteristics of each fungal species to T. castaneum could be 
compared across the experiments. Field experiments were also used to assess the 
attraction of adult beetles to each fungal species, using both ground-based traps and flight 
traps. Data on the “infestation potential” of T. castaneum beetles that entered traps baited 
with different resources was also obtained, by quantifying their oviposition rate and larval 
development in those resources. 
3.3 Materials and methods 
3.3.1 Culturing the beetles 
Beetles were obtained from two field sites in South East Queensland, Dalby and Warwick, 
and 30 unsexed beetles were placed in each of four separate jars with 300 g of 95% whole 
grain flour and 5% yeast to produce a generation of beetles for use in experiments. The 
adult beetles from each jar were removed each week for 4 weeks and placed into new 
jars, to separate them from the developing larvae. This rotation of insects was used to 
control for the ages of the beetles to be used in experiments and was continued for the 
duration of the experiment. Beetles were kept in colony for only two generations. New 
insects were regularly obtained from the field throughout the study to produce new 
cultures. Each culture was kept in a controlled temperature room (CT room) for the 
duration of the experiment at 25°C and 65% relative humidity (RH). Adult insects of each 
sex were removed from culture jars and stored in individual plastic containers without food 
for one day before they were used in any rearing tests. This short isolation period 
promoted beetle movement as preliminary behavioural tests without this step often 
resulted in less movement. 
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3.3.2 Fungal cultures on linted cotton seeds 
Isolates of 14 fungal species previously obtained from stored linted cotton seeds (Chapter 
2, Thesis), were used in this study. The species represented were as follows: Aspergillus 
niger, Asp. ochraceus, Asp. tamarii, Asp. tubingensis, Asp. wentii, Byssochlamys 
spectabilis, Epicoccum nigrum, Fusarium chlamydosporum, F. proliferatum, Fusarium sp., 
Hypocrea sp., Penicillium citrinum, Rhizopus oryzae and Trichoderma harzianum. Each 
fungal isolate was cultured on sterilized linted cotton seeds, collected from Queensland 
over the summer months (December-February) of 2013-2014, rather than on agarose gel, 
to ensure that the insects would be exposed to the chemical volatiles that each fungus 
would produce in the field. The linted cotton seed samples were obtained from Clermont 
(Site A: 22°19'46.8"S 147°41'50.0"E & Site B: 22°32'44.3"S 147°36'47.7"E), Capella 
(22°57'39.8"S 147°48'21.8"E) and Dalby (27°08'55.9"S 151°11'23.9"E). Seeds were often 
stored, in large piles, within iron sheds on concrete floors. Seeds were protected from 
rainfall at each site and had been stored there for about 6-9 months prior to our collection. 
Approximately 10kg of cotton seed was obtained from each site and transported in sealed 
paper bags, by car, to storage. The collected seeds were stored in paper bags at room 
temperature and relative humidity. 
Each isolate was initially cultured on PDA medium with the addition of 5 g of sterilized 
linted cotton seeds, so that the fungus would infest the seeds (~ 20). The linted cotton 
seeds had been sterilized with a 25 kGy dose of gamma irradiation prior to use (Steritech, 
Narangba, Queensland). After one week on PDA medium, the linted cotton seeds were 
colonized by fungal mycelia. The seeds were then transferred to a plastic container with an 
additional 100 g of sterilized linted cotton seeds, to infest the larger batch of seeds with the 
fungus. These containers were sealed and then stored in a CT room (see above). Small 
volumes (~50 ml) of distilled water were sprayed regularly into the containers to help 
promote fungal growth. After one week, the fungal growth within the container had visibly 
spread across each seed, and were deemed ready for use in experiments (see below). 
3.3.3 Olfactometer tests 
The glass y-tube had a 25 cm long stem and two 15 cm long arms, with a diameter of 4 
cm, at a 45° angle from each other (Fig. 3.1). Each arm of the y-tube was connected to a 
2.94 L chamber measuring 15 x 14 x 14 cm (Fig. 3.1). The back of each chamber was 
connected to a cylindrical air filtration tube 23.5 cm long and 2 cm in diameter (Fig. 3.1). 
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Each tube was filled with activated charcoal to filter the air entering the arena. The air flow 
through the chamber was regulated using an air gauge connected to a vacuum. The air 
flow was maintained at 1.67 cm3/sec during each experiment, to mimic a calm breeze, as 
the beetles do not appear to fly during high wind speeds (Rafter et al. 2015). The 
temperature was constant during each experiment, at 24°C. Coarse sand was laid across 
the base of the y-tube to facilitate beetle movement during each experiment. Pieces of fly 
screen mesh were used to stop the beetles from moving into the chambers and towards 
the vacuum (Fig. 3.1). The sand, inside the chamber, and the fly screen pieces were 
washed before use under hot water with dishwashing liquid (Palmolive, New York City) to 
kill any microbes and parasites. These items were changed after every ten replicates and 
were not used across different treatments. 
Only one beetle was placed inside the chamber at any one time, the date and time of each 
test was recorded. The time each beetle took to reach the end of either arm of the y-tube 
was recorded using a stopwatch. Beetles that did not reach the end of an arm, after 15 
minutes, were removed from the experiment and not counted in the results. After each 
experiment, the beetle was removed using a pair of forceps and placed into ethanol for 
subsequent determination of gender. Gender was determined by examining each beetle, 
under a compound microscope, for the presence of a prothoracic femoral setiferous sex 
patch, which is present only on male beetles. Fifty grams of each test substrate was 
placed inside a chamber during each experiment. Forty replicates were performed for each 
resource type and the controls. The treatments and control tests were randomised to 
mitigate against any time effects. The resources included infested cotton seed for each 
fungal species (see above), whole wheat grains, sterilized linted cotton seed and a 
commercial pheromone lure for T. castaneum (Bullet Lure, Insects Limited Inc., Westfield, 
Indiana, USA). Blank control tests, with no resources at all, were run regularly to test for 
bias in the system. After five replicates the position of each chamber was switched to 
reduce bias. Also, after every ten replicates both the chambers and the y-tube were 
washed down with ethanol and left to dry before additional experiments were performed, to 
reduce the bias from possible pheromone signals left by previously tested beetles.  
Chi-squared tests were used to determine if there was a difference between the number of 
insects that moved towards either resource in each experiment (40 replicates per 
treatment), relative to the blank controls (Table 3.1). The time it took the insects to move to 
the end of either arm of the y-tube, across each test, was analysed using a one-way 
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ANOVA for each treatment group (Table 3.1). Chi-squared tests were used to determine if 
there was a difference between the number of insects that moved towards either resource, 
across each treatment, relative to their sex. Chi-squared tests were used to determine if 
there was a difference between the total number of insects that moved towards either 
chamber or arm of the y-tube. 
 
Figure 3.1. The olfactometer experimental apparatus used to determine if Tribolium 
castaneum adults are attracted to and/or repelled by various fungal odours. 
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3.3.4 Wind tunnel tests 
Choice tests were performed inside a wind tunnel (Systemair, K315L, Dubai). The floor of 
the arena inside the wind tunnel was 60 x 70 cm (4200 cm²). The base of the arena was 
lined with thick (2 mm) white paper. Physical barriers including a cardboard box and 
wooden rulers were also held in place by tape to contain beetles in the arena (Fig. 3.2). 
The air flow through the wind tunnel was regulated by a fan and maintained at 1.5 m/sec 
during each experiment. The temperature was constant during each experiment, at 25°C. 
The paper at the base of the arena was wiped down with a light spray of ethanol after 10 
replicate assessments. The paper and tape surrounding the area were replaced after 80 
replicates. 
Only one beetle was placed inside the arena at any one time, and the date and time of 
each test recorded. Each beetle was left in the chamber for 5 minutes. The beetle’s 
movements inside the arena were recorded with a video camera (Panasonic, HS700, 
Kadoma, Japan) (Fig. 3.2). After each experiment, the beetle was removed using a pair of 
forceps and placed into ethanol for subsequent determination of gender. Gender was 
determined by examining each beetle, under a compound microscope, for the presence of 
a prothoracic femoral setiferous sex patch, which is present only on male beetles. The 
treatments and control tests were randomised to mitigate against any time effects. Fifty 
grams of each resource was placed inside the arena on a circular shallow plastic disk 
measuring 12 cm in diameter. The disk held the resource and prevented the beetle getting 
into it, since the beetles could not climb the plastic surface. The centre of the dish was 
placed 15 cm from the back edge of the chamber, closest to the wind tunnel fan, and 12 
cm from the side of the chamber (Fig. 3.2). A control dish, containing no resource, 
mirrored the position of the treatment dish. Forty replicates were performed for each 
resource type (i.e. wheat, linted cotton seeds, etc.). After 10 replicates, the relative 
positions of the treatment and control dishes were switched to reduce bias. Ethovision XT 
10 software was used to calculate the beetles’ time “next to” the resources (< 3 cm), 
outlined as zones (Fig. 3.2). The time the insects spent within each zone was used to 
predict their relative attraction or repulsion to each resource and was analysed using 
Friedman rank sum tests, per treatment, since the data were non-parametric. The time the 
insects spent within each zone, relative to their sex, was tested across each treatment, 
using one-way ANOVA’s. 
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Figure 3.2. The wind tunnel experimental apparatus used to determine if Tribolium 
castaneum adults are attracted to or repelled by various fungal species. The two zoned 
areas were not physically traced on the base of the arena, though they were outlined on 
the computer program Ethovision XT 10. 
3.3.5 Resource location tests in the field 
Field experiments were conducted at a commercial cotton gin in Moura, Queensland, for 5 
days, from the 12/12/2016 – 16/12/2016. These dates were selected based on their 
convenience, reportedly high numbers of beetles, and because T. castaneum flight activity 
is high during summer (Ridley et al. 2011). Further, a study by Cox et al. (2007) has shown 
that a minimum temperature threshold of 25˚C is required for T. castaneum to fly.  
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Flight traps and ground based traps were used to expose resources to flying beetles in the 
field and to house them once they entered the trap. Four fungal species, one putatively 
attractive, one putatively repellent and two putatively neutral were selected for these tests 
based on the results of the wind tunnel and olfactometer tests (see above), and grown on 
linted cotton seeds. The infested cotton seeds were obtained following the methods 
outlined above in “fungal cultures on linted cotton seeds”. Controls were also run (see 
below). 
3.3.6 Flight traps 
Flight traps consisted of a 5 L polystyrene box with a single 10 x 15 cm hole, cut into each 
long side, covered with 1 mm aperture mesh. The traps were mounted 1-1.5 m above the 
ground on metal stakes to capture beetles in flight. The traps were set up, in groups of six, 
10 m apart from one another to reduce bias from overlapping semiochemical signals, in a 
straight line and perpendicular to a large (1600 m²) shed (200 m away) containing about 
1000 tonnes of linted cotton seeds heavily infested with T. castaneum (Fig. 3.3). The 
shed’s large doors were open at all times and the beetles were not constrained within the 
shed. A total of six groups was placed at even intervals around the shed at N 0°, 60°, 
120°, S 180°, 240°, 300° (Fig. 3.3). Each group comprised one negative control, one 
positive control and four treatments. The negative control boxes held 2 kg of sterilized 
linted cotton seeds. The positive control boxes also held 2 kg of sterilized linted cotton 
seeds but also had five commercially available T. castaneum pheromone lures placed 
inside. The four treatment boxes contained 2 kg of linted cotton seeds inoculated with a 
specific fungal isolate, either F. proliferatum, R. oryzae, Asp. tamarii or Asp. ochraceus. 
The allocation of each resource type was the same in each group in the following order: 
positive control (lures), R. oryzae (neutral), Asp. ochraceus (repellent), sterile seeds 
(negative control), Asp. tamarii (attractant) and F. proliferatum (neutral).  
One clear sticky trap (100 cm²) had been placed on the exterior of each box, for the 
duration of the exposure in the field, to determine the relative number of insects flying into 
the traps each day. The sticky traps were replaced at 0800 h each day. The number of T. 
castaneum adults, on each sticky trap, was counted within 24 hours of collection. 
Meteorological data during the trapping periods were collected from the Bureau of 
Meteorology weather station closest to the site (Thangool airport, Queensland). The traps 
were collected after four days. The contents of each box were brought back to the 
laboratory in separate sealed bags and hand sieved within 120 h of retrieval, having been 
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held at room temperature. The captured insects were then identified, sexed and counted. 
After removing all the insects, the resource from each box was kept and monitored inside 
a CT room (see above) for 50 days to incubate any eggs deposited by insects that had 
colonized the resource. The infestation potential of the dispersing beetles was estimated 
by counting all the adult beetles present in the boxes after the 50 days (Ahmad et al. 
2012b), thus representing their ability to infest “new” sites with offspring. 
One-way ANOVA tests were used to determine if the number of adult beetles caught in the 
field were significantly different across the treatment groups and/or across the different 
trap positions (N 0°, 60°, 120°, S 180°, 240°, 300°). One-way ANOVA tests were also used 
to determine if the total number of T. castaneum adults, larvae and/or pupae, reared from 
the collected field material, was different across the treatment groups and/or across the 
different trap positions. Further, the numbers of reared adults, after 50 days, per female 
caught, across the different treatments were analysed using a one-way ANOVA test. 
 
Figure 3.3. The experimental design of a field test to determine if Tribolium castaneum 
adults are attracted by various resources (e.g. linted cotton seeds). The dots represent the 
individual flight traps used to hold the resources. Six sets of traps (n = 6) were placed 
around a shed containing stored cotton seeds, and the large doors of the shed were open 
at all times, so beetles were not constrained within the shed. 
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3.3.7 Ground traps 
The ground traps were comprised of cylindrical plastic containers (1 L capacity) with an 
array of holes (2 mm diameter) in them, to facilitate beetle entry to the resources inside. A 
square aluminium plate (150 x 150 mm) and a round PVC saucer (300 mm diameter) were 
fitted at the bottom and top of each ground trap, respectively, to provide protection from 
the weather, as described by Ahmad et al. (2013). The traps were set on the ground, in 
groups of six, either within (three groups) the main storage structure (the same shed as 
above), or 5 m outside (three groups) of it (Fig. 3.4). The traps were deployed at 5 m 
intervals to reduce bias from overlapping semiochemicals signals, within each group, in a 
straight line (Fig. 3.4). The three positions, both within and outside the shed, were evenly 
spaced (~20 m) from each other, around the structure (Fig. 3.4). Each position contained 
one negative control, one positive control and four treatments. The negative control traps 
held 400 g of sterilized linted cotton seeds. The positive control traps also held 400 g of 
sterilized cotton seed and one commercially available T. castaneum pheromone lure. The 
four treatment boxes contained 400 g of linted cotton seeds infected with a specific fungal 
isolate, including F. proliferatum, R. oryzae, Asp. tamarii and Asp. ochraceus. The 
allocation of each resource type was same in each group in the following order, positive 
control (lures), R. oryzae (repellent), Asp. ochraceus (repellent), negative control (sterile 
seeds), Asp. tamarii (attractant) and F. proliferatum (neutral). 
The traps were collected after 4 days. The contents of each trap were brought back to the 
laboratory in separate sealed buckets and hand sieved within 120 h of retrieval. The 
captured insects were then identified and counted. After removing all the adults, the 
resource from each box was kept and monitored inside a CT room (see above) for 50 days 
to incubate any eggs deposited by insects that had colonized the resource. These cultures 
were used to estimate the infestation potential of dispersing beetles, as outlined above 
(Ahmad et al. 2012b). 
The ground trap data were analysed as two separate groups: inside traps and outside 
traps, based on their positions. One-way ANOVA tests were used to determine if the 
numbers of adult beetles caught in the field were significantly different between the 
treatment groups and/or between the different trap positions (Fig. 3.4). One-way ANOVA 
tests were also used to determine if the total number of T. castaneum adults, larvae and/or 
pupae, reared from the collected field material, was different between the treatment groups 
and/or between the different trap positions. 
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Figure 3.4. The experimental design of a field test to determine if Tribolium castaneum 
adults are attracted by various resources (e.g. linted cotton seeds). The dots represent the 
individual ground traps used to hold the resources. Three sets of traps (n = 6) were placed 
inside a shed containing stored cotton seeds, and three were placed outside of it. 
3.3.8 Inspection of field resources for contamination 
The infested cotton seed samples used in field tests (see above) had been previously 
sterilized with a 25 kGy dose of gamma irradiation. After this initial sterilization, six cotton 
seeds were randomly selected and inspected for fungal growth. Each seed was spread 
across PDA medium, set in a Petri dish, and left for seven days. The number of fungal 
colonies present on the medium was recorded and identified (see above). This process 
was repeated for each batch of infested cotton seeds post inoculation (day one of field 
tests) and once the resources were collected (day seven of field tests) to determine if the 
resources had been contaminated in the field.  
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3.3.9 Statistical analyses 
All statistical analyses were performed in R (R Development Core Team 2009), with the 
program Ethovision XT 10 (Noldus, Wageningen, The Netherlands) and on the statistical 
website Lowry R (1998). Chi-squared tests (two-tailed), one-way ANOVA tests and 
Friedman rank sum tests were used to analyse the data in each experiment (see above). 
All the assumptions of an ANOVA including data normality, equal variance between 
treatments, and independence of samples, were met prior to the analyses. In some cases, 
data were log10 transformed to achieve normality, to meet the assumptions of an ANOVA. 
Pairwise t-test analyses, using the Bonferroni adjustment, were used to discern which 
treatments were significantly different from one another, in those instances when ANOVA 
tests revealed significant differences across the treatments. Ethovision XT 10 software 
was used to calculate the beetles’ time in the resource zones (< 3 cm), in the wind tunnel 
tests. 
3.4 Results 
3.4.1 Olfactometer tests 
The pheromone lure, the field collected cotton seeds and the cotton seeds infected with 
Asp. tamarii were significantly attractive to the beetles, whereas the cotton seed samples 
infected with either Asp. ochraceus, E. nigrum or P. citrinum were significantly repellent 
(Table 3.1). Only those beetles in the test with P. citrinum took significantly more time to 
respond to the test chamber than to the blank chamber (Table 3.1). There was no such 
difference in any of the other tests. Further, no significant difference was detected between 
the chambers (x = 0.1, df = 1, P = 0.7518) or arms of the y-tube (x = 0.4, df = 1, P = 
0.5271), relative to the final position of the beetles. There was no significant difference 
(P>0.05) between the sex of the insects relative to their final position, across each 
treatment, so these data are not shown. 
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Table 3.1. The proportion of insects (n = 40 in each test) that moved towards the 
alternative resources in olfactometer choice tests, and the time it took for them to respond 
to those resources (* represents a significant value). Data for the males and females are 
presented together because there were no statistical differences across the sexes in any 
test (see text). 
  Response (%) Response time (s) 
Test Resource Ratio X2 P Time F P 
1 Wheat 47.5 0.1 0.7518 223.5 0.0021 0.9633 
 Empty 52.5   220.9   
2 Field collected linted 
cotton seeds 
65 3.6 0.05778* 481.3 0.0029 0.9575 
 Empty 35   475.3   
3 Sterilized cotton seeds 47.5  0.1 0.7518 266.8 1.2026 0.2797 
 Empty 52.5   340.3   
4 Pheromone lure 67.5 4.9 0.02685* 338.3 0.5616 0.4582 
 Empty 32.5   396.6   
5 Cotton lint 50 0 1 274.7 0.309 0.5815 
 Empty 50   232.6   
6 Aspergillus niger 42.5 0.9 0.3428 456.6 2.8925 0.09716 
 Empty 57.5   319.3   
7 Aspergillus ochraceus 32.5 4.9 0.02685* 369.3 0.1578 0.6934 
 Empty 67.5   405.6   
8 Aspergillus tamarii  70 6.4 0.01141* 401.6 0.6395 0.4289 
 Empty 30   334.8   
9 Aspergillus tubingensis 45 0.4 0.5270 343.7 0.9302 0.3409 
 Empty 55   278.3   
10 Aspergillus wentii 37.5 2.5 0.1138 497.1 2.7791 0.1037 
 Empty 62.5   372.9   
11 Byssochamlys spectabilis 47.5 0.1 0.7518 463.1 3.2641 0.07874 
 Empty 52.5   313.9   
12 Epicoccum nigrum 30 6.4 0.01141* 428 0.9533 0.3351 
 Empty 70   335.8   
13 Fusarium 
chlamydosporum 
45 0.4 0.5270 433.9 1.7212 0.1974 
[Continued] 
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 Empty 55   342.8   
14 Fusarium proliferatum 42.5 0.9 0.3427 394.3 0.0584 0.8104 
 Empty 57.5   375.2   
15 Fusarium sp. 45 0.4 0.5270 423.4 2.0673 0.1587 
 Empty 55   313.3   
16 Hypocrea sp. 37.5 2.5 0.1138 350.2 0.4366 0.5128 
 Empty 62.5   297.5   
17 Penicillium citrinum 32.5 4.9 0.02685* 473.9 5.1095 0.02961* 
 Empty 67.5   330.9   
18 Rhizopus oryzae 40 1.6 0.2059 337.7 0.1306 0.7198 
 Empty 60   365.8   
19 Trichoderma harzianum 52.5 0.1 0.7518 677.6 0.0259 0.873 
 Empty 47.5   574.6   
3.4.2 Wind tunnel tests 
The beetles spent significantly more time within the zones containing a pheromone lure 
compared to the blank zones, but were not attracted to the field collected cotton seeds 
(Table 3.2). The beetles spent significantly less time within the zones containing cotton 
seed samples that had been infected with Asp. tubingensis compared to the blank zones 
(Table 3.2). There was no significant difference between the sex of the beetles, across 
each treatment (P>0.05), and these data are not shown. 
Table 3.2. The average time (in seconds) that each insect spent within proximity (< 3 cm) 
of either the treatment or control in the wind tunnel choice tests. The minimum and 
maximum time values across the replicates are represented by the range (n = 40) (* 
represents a significant value). 
Test Resource Time (s) Range P 
1 Empty  2.3 0 - 23 0.5127 
 Empty 2.8 0 - 23  
2 Wheat 3.4 0 - 29 0.6831 
 Empty 1.5 0 - 10  
3 Field collected linted cotton 
seeds 
0.5 0 - 3 0.8185 
 Empty 1.1 0 - 8  
Table 3.1. Continued. 
[Continued] 
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4 Sterilized cotton seeds 1.0 0 - 13 0.8084 
 Empty 1.3 0 - 30  
5 Pheromone lure 9.1 0 - 44 0.0011* 
 Empty 2.4 0 - 14  
6 Aspergillus niger 4.2 0 - 68 0.1025 
 Empty 8.9 0 - 48  
7 Aspergillus ochraceus 1.4 0 - 13 0.1936 
 Empty 3.9 0 - 34  
8 Aspergillus tamarii  0.9 0 - 10 0.6171 
 Empty 1.0 0 - 10  
9 Aspergillus tubingensis 0.3 0 - 2 0.0291* 
 Empty 2.9 0 - 17  
10 Aspergillus wentii 4.8 0 - 32 0.7055 
 Empty 6.1 0 - 57  
11 Byssochamlys spectabilis 0.6 0 - 6 0.1336 
 Empty 0.5 0 - 7  
12 Epicoccum nigrum 1.0 0 - 19 1 
 Empty 1.1 0 - 12  
13 Fusarium chlamydosporum 0.7 0 – 8  0.3711 
 Empty 1.3 0 - 21  
14 Fusarium proliferatum 2.2 0 - 17 0.8474 
 Empty 2.6 0 - 20  
15 Fusarium sp. 3.1 0 - 28 0.3711 
 Empty 1.0 0 - 15  
16 Hypocrea sp. 0.9 0 - 15 0.5637 
 Empty 0.6 0 - 7  
17 Penicillium citrinum 2.8 0 - 60 0.8887 
 Empty 3.1 0 - 32  
18 Trichoderma harzianum 0.1 0 - 3 0.09558 
 Empty 0.5 0 - 4  
19 Rhizopus oryzae 0.9 0 - 11 0.06057 
 Empty 6.6 0 - 46  
 
Table 3.2. Continued. 
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3.4.3 Resource location tests in the field  
The average daily maximum temperature and humidity across the four day period, of the 
field trials, was 34.35ºC (37.5-30.9) and 48% (36-57) RH respectively. 
3.4.3.1 Flight traps 
No significant differences were detected across the numbers of insects captured across 
the control and treatment groups (ANOVA, df = 5, P = 0.1357), even though the 
pheromone lures attracted more insects than any other treatment (Fig. 3.5). Wind direction 
predominantly came from the North East, over the experimental period (Thangool airport, 
weather station), though there was no significant difference related to the position of the 
traps, based on the total number of T. castaneum adults captured across each control and 
treatment group (ANOVA, df = 5, P = 0.9541). Inspections of the resources in the traps 
once they had been taken back to the laboratory revealed there was contamination of 
fungal and/or bacterial species across each of the individual traps. The “infestation 
potential” data showed no significant difference across the control and treatment groups 
(ANOVA, df = 5, P = 0.7292) or across the relative positions of the traps (ANOVA, df = 5, P 
= 0.8549). There was also no significant difference across the number of reared adults, 
after 50 days, per female caught, across the different treatments (ANOVA, df = 5, P = 
0.447) (Fig. 3.6). The sticky traps attached to the traps did not catch any T. castaneum 
throughout the entire experiment. 
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Figure 3.5. The mean (± 1 SE) number of Tribolium castaneum adults captured on each 
resource type, at the Moura, Queensland field site, using flight traps (n = 6 
traps/treatment). The resource types included a negative control, containing sterilized 
linted cotton seeds, a positive control containing sterilized linted cotton seeds plus five 
Tribolium castaneum pheromone lures, and four treatment resources containing sterilized 
linted cottons seeds that had been inoculated by either Aspergillus tamarii, Fusarium 
proliferatum, Rhizopus oryzae or Asp. ochraceus. 
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Figure 3.6. The mean (± 1 SE) number of Tribolium castaneum adults reared from each 
resource type, after 50 days post collection, per female caught in each flight trap. The 
resource types included a negative control containing sterilized linted cotton seeds, a 
positive control containing sterilized linted cotton seeds plus five T. castaneum pheromone 
lures, and four treatment resources containing sterilized linted cottons seeds that had been 
inoculated by either Aspergillus tamarii, Fusarium proliferatum, Rhyzopus oryzae or Asp. 
ochraceus. 
3.4.3.2 Ground traps 
Significantly more beetles were captured inside the shed compared to outside of it 
(P<0.05), therefore the statistical analyses were conducted separately for data from the 
inside and outside traps. Post field inspections of the resources revealed that there was 
contamination of fungal and/or bacterial species across each of the individual traps. 
With respect to inside traps, no significant differences were detected in the numbers of 
captured insects across the different resource types (ANOVA, df = 5, P = 0.4238) (Fig. 
3.7). There was no significant difference between the number of caught insects across the 
three positions (ANOVA, df = 2, P = 0.06463). The “infestation potential” data showed no 
significant difference across the control and treatment groups (ANOVA, df = 5, P = 0.4028) 
or across the positions of the traps (ANOVA, df = 2, P = 0.7374). 
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Figure 3.7. The mean (± 1 SE) numbers of Tribolium castaneum adults captured on each 
resource type (n = 3 traps for each) across different positions inside a shed at the Moura, 
Queensland field site, using ground based traps. The resource types included a negative 
control containing sterilized linted cotton seeds, a positive control containing sterilized 
linted cotton seeds plus a single pheromone lure, and four treatment resources containing 
sterilized linted cottons seeds that had been inoculated by either Aspergillus tamarii, 
Fusarium proliferatum, Rhizopus oryzae or Asp. ochraceus. 
The traps outside the shed captured roughly equivalent numbers of beetles across the 
resource types. No significant differences were detected in these data (ANOVA, df = 5, P = 
0.7124) (Fig. 3.8). There was a significant difference in the numbers of caught insects 
across the positions at which the three sets of traps were deployed (ANOVA, df = 2, P = 
0.03369). A pairwise analysis revealed that there were significantly more beetles captured 
in position 2 compared to position 3 (opposite sides). The “infestation potential” data did 
not show a significant difference between the control and treatment groups (ANOVA, df = 
5, P = 0.2354). The “infestation potential” data showed no significant difference between 
the position of the traps (ANOVA, df = 2, P = 0.103). 
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Figure 3.8. The mean (± 1 SE) numbers of Tribolium castaneum adults captured on each 
resource type (n = 3 traps for each) across different positions outside a shed at the Moura, 
Queensland field site, using ground based traps. The resource types included a negative 
control containing sterilized linted cotton seeds, a positive control containing sterilized 
linted cotton seeds plus a single pheromone lure, and four treatment resources containing 
sterilized linted cottons seeds that had been inoculated with either Aspergillus tamarii, 
Fusarium proliferatum, Rhizopus oryzae or Asp. ochraceus. 
3.5 Discussion 
Aspergillus tamarii was the only fungal species found to be significantly attractive to the 
beetles in the olfactometer tests, but it was not significantly attractive in the wind tunnel 
tests (Tables 3.1 & 3.2). This inconsistency in the attraction of Asp. tamarii may be a result 
of the differences in the arenas, since the y-tube olfactometer would presumably have 
resulted in a more condensed concentration of fungal volatiles, due to its smaller volume, 
compared to the wind tunnel assays if, indeed, this was not a significant result obtained by 
chance. Several fungal species were repellent in either the wind tunnel (Asp. tubingensis) 
or olfactometer (E. nigrum, P. citrinum and Asp. ochraceus) tests (Tables 3.1 & 3.2). Some 
fungal species, including Asp. ochraceus, can produce the mycotoxin ochratoxin A which 
contaminates food products and can be harmful to animals (van der Merwe et al. 1965). 
Exposure to ochratoxin A was shown to reduce feeding in the beetle Carpophilus 
76 
 
hemipterus and in Helicoverpa zea (Boddie) caterpillars (Wicklow et al. 1996), the 
repulsion of T. castaneum by Asp. ochraceus under closed laboratory conditions would, 
therefore, not be surprizing. Furthermore, Asp. ochraceus produces both aspyrone and 
asperlactone metabolites, which can inhibit insect growth-regulating activity in T. 
castaneum larvae (Balcells et al. 1995). These inhibitory metabolites may be repellent to 
the adult beetles, though it has previously been shown that T. castaneum can feed on this 
fungus and will oviposit on it (Chapter 2, Thesis, Sinha 1966). Moreover, none of these 
fungal species, including Asp. ochraceus, were found to be toxic to the larvae or adult 
beetles when investigated at least over 14 days exposure to their volatiles, despite their 
observed repulsion during this study (Chapter 2, Thesis).  
These findings suggest that the beetles can differentiate between the different fungal 
isolates, as some isolates were clearly more repellent or attractive in either the 
olfactometer or wind tunnel tests. However, a previous study has shown that the beetles 
will feed and can be reared on each of these fungal species to some extent (Chapter 2, 
Thesis). Therefore, the volatiles, both attractants and repellents, emitted by the different 
fungal species may have varying effects on T. castaneum depending on their delivery 
system, as concentration and exposure time appear to be important variables. Moreover, 
the repellent properties of these fungi to T. castaneum do not appear to be linked with 
toxicity, but may, on their own, not emit the full range of stimuli that normally attract T. 
castaneum beetles to a resource. The field experiments did not reveal any particular 
fungal species to be significantly more attractive or repellent compared to one another or 
the controls. Although the commercially available pheromone lures were effective at 
attracting the beetles under laboratory conditions (Tables 3.1 & 3.2), they were not 
significantly more attractive than the sterilized linted cotton seeds or any other treatment 
group in the field (Fig 3.5, 3.6 & 3.7). This was unexpected since previous studies have 
shown these lures to be more attractive under similar conditions (Ridley et al. 2011). 
Though, the differences across the laboratory and field experiments could result from 
several variables, as many parameters, although easy to control under laboratory 
conditions, are challenging to implement in a field trial. For example, humidity and 
temperature are known to affect fungal growth, and would thus affect results in field trials 
where humidity and temperature could not be controlled.  
In the field, every control and treatment resource was contaminated with various bacterial 
and fungal species. This result was anticipated since many fungal and bacterial species 
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can grow quickly on damp food products, and because T. castaneum is known to transport 
fungal spores between locations (Bosly and Kawanna 2014). Therefore, the sterilized 
cotton seeds possibly did not function as an effective negative control group over the 
course of the entire experiment, especially since the contamination of the field samples 
may also have resulted in an alternative blend of volatiles being produced from the traps. 
The oviposition analyses from the post field tests revealed that the number of deposited 
eggs and relative success of the T. castaneum larvae was not significantly different across 
the treatment and control groups, in either the flight or ground based traps. These results 
suggest that the larvae can develop on any of the tested fungal species, as seen in 
previous laboratory tests (Chapter 2, Thesis), and that both the positive and negative 
control traps provided enough fungal material to support the development of the beetles.  
Overall, the laboratory tests revealed that the adult beetles are potentially attracted to Asp. 
tamarii and that they are repelled by Asp. ochraceus, P. citrinum, Asp. tubingensis and E. 
nigrum, to some extent. Conversely, the field results confirm that T. castaneum adults are 
not differentially attracted to the selected fungal species relative to one another, or to the 
controls, and that the larvae are not limited in their development, based on the fungal 
species present. The results also confirmed that T. castaneum can locate potential fungal 
resources in the field at a rate commensurate with pheromone attractants and will oviposit 
on infested cotton seeds in the field. It has been suggested that T. castaneum may have 
originated from a forest habitat where it lived under decaying logs and fed on fungal 
species before the introduction of stored grains (Good 1933), though there is no evidence 
to support this theory. Based on our findings, it appears that T. castaneum is both 
attracted and repelled by particular fungal species, at least under laboratory conditions, 
that are known to infest stored linted cotton seeds. Whether the beetles are drawn to or 
repelled by these species, or not, may be dependent on additional environmental factors 
such as the substrate that the fungus is growing on and/or the presence of other fungal 
species. Indeed, based on the results of Ahmad et al. (2013) field collected cotton seeds 
were not assessed under field conditions during this study, since they were shown to be 
significantly more attractive to the beetles than wheat grains, based on glass house tests. 
Though, based on the olfactometer results of this study, the field collected cotton seeds 
may be more attractive than any individual fungal species. That is, the combinations of 
fungal species present on field collected cotton seeds may release blends of volatiles 
which are more attractive to T. castaneum than those produced by a single species.  
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Additional experiments involving combinations of fungal species on a single resource (e.g. 
linted cotton seeds and/or wheat grains) would provide additional information about the 
complex interactions between T. castaneum and a range of fungal species. Consequently, 
we suggest that in the absence of stored food products, T. castaneum beetles could 
sustain themselves on fungal resources in surrounding environments. Future management 
schemes concerning T. castaneum should consider both attractive and repellent 
semiochemicals as potential control tools. Repellent chemicals could be used to deter the 
beetles from stored food products while the attractive chemicals could draw them into 
traps. Further investigation into the identification of the chemical compounds produced by 
these fungal species may provide more insight into the semiochemicals at play and how 
they function as attractants and/or repellents. 
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Chapter Four 
 
 
 
 
The behavioural responses of Tribolium 
castaneum to fungal semiochemicals 
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4.1 Abstract 
 
Some insects use olfaction to detect volatile organic compounds that are produced by 
micro-fungal species. These volatiles, also known as semiochemicals, can elicit a 
behavioural response from select insect species. In a recent study, four fungal species, 
including Aspergillus ochraceus, Asp. tamarii, Rhizopus oryzae and Fusarium proliferatum, 
were shown to either attract, repel or elicit no response from Tribolium castaneum adults, 
though the specific volatiles produced by these species were unknown. In this study, 
experiments were conducted, using a gas chromatograph and a mass spectrometer, to 
identify the volatile organic compounds produced by Asp. ochraceus, Asp. tamarii, R. 
oryzae and F. proliferatum. The volatiles were extracted and compared using two different 
methods, solid phase micro-extraction and head space micro-extraction. Two compounds 
were identified with the use of head space micro-extraction, whereas eleven compounds 
were identified using solid phase micro-extraction. Each of these compounds had been 
produced by one or more of the fungal species tested. Behavioural tests were also 
conducted, in the laboratory, to determine if T. castaneum adults are attracted and/or 
repelled by any of the identified compounds or potential mixtures of compounds. The 
results revealed that two of these compounds, 1-octen-3-ol and 2-pentanone-4-hydroxy-4-
methyl, appeared to repel the beetles. Additional concentration tests are required to 
determine if the identified compounds are truly semiochemicals for T. castaneum. 
 
4.2 Introduction 
 
Microbial species, including micro-fungi, emit volatiles that particular insect species may 
“tune” into for use as semiochemicals (Hung et al. 2015). Semiochemicals, usually specific 
compounds or combinations (blends) of compounds, alter the behavior of insects following 
their detection (Davis and Landolt 2013, Davis et al. 2013). These behaviours include 
locating and/or avoiding potential resources, oviposition sites, harmful environments and 
aggregation sites (Davis et al. 2013). For example, the grape vine moth, Lobesia botrana 
(Denis & Schiffermüller), uses olfaction to detect appropriate sites for oviposition on 
grapes produced by Vitis vinifera (L.) (Tasin et al. 2012). Grapes infected with the 
pathogenic fungus Botrytis cinerea (Pers.) resulted in significantly lower levels of attraction 
and oviposition by female moths compared with uninfected grapes. Moreover, experiments 
by Becher et al. (2012) showed that fruit flies are attracted to baker’s yeast, 
Saccharomyces cerevisiae, which grows on the fruits on which they feed, and they oviposit 
81 
 
at greater rates on infected fruit as opposed to non-fermenting fruit. Indeed, the volatiles 
emitted by the fruit are secondary to the flies when compared to the yeast volatiles, as 
fermenting yeast on its own elicited the same behavioral responses as did fermenting fruit 
(Becher et al. 2012). Females house flies, Musca domestica (Linnaeus), are known to 
oviposit on animal feces but will avoid feces that have been colonized by various fungal 
species, including Fusarium spp. and Rhizopus spp. (Lam et al. 2010). The fungal volatiles 
produced by these fungal species were identified and individually tested for their effect on 
oviposition by the flies. Two of the six chemical compounds identified as being emitted by 
the fungi, dimethyl trisulfide and 2-phenylethanol, strongly reduced oviposition by the 
female flies, whereas the remaining compounds elicited no response at all (Lam et al. 
2010).  
Some chemical compounds produced by fungi are common to several genera and 
species, such as the compound 1-octen-3-ol which is emitted by a range of yeast genera 
and species. However, different insect species will not necessarily respond to these 
chemicals in the same manner (Davis and Landolt 2013, Davis et al. 2013). Moreover, the 
concentration and ratio of the semiochemicals, as they are detected by the insects, can be 
crucial in determining the behavioral responses of the insects (Davis et al. 2012, Davis 
2015). Fungivorious insects that have a close and complex symbiotic relationship with 
microorganisms, such as the scolytine bark beetles, can be quite sensitive to the chemical 
profiles produced by their symbiont partner/s (Davis 2015). Similarly, the fungivorous 
beetle Bolitophagus reticulatus (Linnaeus) (Tenebrionidae) is known to detect and respond 
to various fungal compounds in different manners, and is attracted and/or repelled by 
these compounds depending on their concentration (Holighaus et al. 2014). Several pest 
insect species, including stored grain beetles from the family Cucujidae, are also known to 
be attracted to various fungal volatiles (Pierce et al. 1990). Consequently, there can be 
several advantages to identifying the chemical components of semiochemicals that are 
known to attract pest insects, including the development of lures and repellents for insect 
monitoring and control strategies (Davis et al. 2013, Sun et al. 2013). For example, 
ambrosia beetles in southeastern U.S.A cause substantial damage to pine trees each year 
and are currently monitored with commercial Manuka oil lures (Kuhns et al. 2014). With 
the addition of synthetic volatile organic compounds (VOCs) that are identical to the 
volatiles emitted by the fungus Raffaelea lauricola, these lures become even more 
attractive to the beetles, and are therefore more effective tools for monitoring (Kuhns et al. 
2014). 
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The rust-red flour beetle, Tribolium castaneum, is a major pest of stored food products 
worldwide and can cause severe economic loss, particularly in the stored grain industries 
(Hagstrum & Subramanyam 2009). The insects infest and consume stored grains, such as 
wheat and sorghum, but have been shown to also consume mites and some fungal 
species as well (Hagstrum & Subramanyam 2009, Sinha 1966). Recent studies have 
shown that the adult beetles are potentially attracted to and/or repelled by the volatiles of 
particular fungal species associated with stored linted cotton seeds, including Aspergillus 
tamarii, Asp. ochraceus, Fusarium proliferatum and Rhizopus oryzae (Chapter 3, Thesis). 
However, the chemical components of these volatiles, produced while the fungi are 
growing on linted cotton seeds, are not known.  
The primary aim of this study was to assess the identity of the compounds emitted by fungi 
known to be associated with linted cotton seeds and to determine which of them influence 
the behavioural responses of T. castaneum adults. The compounds were extracted and 
compared by means of two methods, headspace solvent micro-extraction and solid phase 
micro-extraction (SPME), to achieve an extensive coverage of the compounds that are 
produced by each fungal species. Gas chromatography and mass spectrometry was 
implemented to identify each compound produced by the fungal isolates once volatiles had 
been collected. Subsequent behavioural tests were then used to assess the response of 
the adult beetles to each chemical compound that was identified, and available 
(commercially), to ascertain if any of the compounds could be used in the control and/or 
management of T. castaneum. 
4.3 Materials and methods 
4.3.1 Procurement of fungal isolates 
Six fungal isolates were selected for use in this study based on the results of previous 
experiments (Table 4.1) (Chapter 3, Thesis). Each of these fungal species was selected 
based on the responses of T. castaneum adults to each of them in two separate laboratory 
experiments, including y-tube olfactometer and wind tunnel tests. 
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Table 4.1. Four fungal species that were isolated from linted cotton seeds and have been 
shown to attract, repel and/or remain neutral to adult T. castaneum beetles in laboratory 
tests (Chapter 3, Thesis). A summary of the morphological traits of each species, when 
grown on PDA medium, is included to clarify each species phenotype. 
Species Morphological observations Level of attraction in laboratory tests 
  Olfactometer Wind tunnel 
Aspergillus 
ochraceus 
Yellow/golden colonies; 
spherical vesicles radiate with 
extensive conidiophores. 
Repellent 
 
Neutral 
 
Aspergillus 
tamarii 
Green colonies; brown 
colonies when grown on cotton 
seeds; spherical vesicles (50 
µm). 
Attractive Neutral 
Fusarium 
proliferatum 
White mycelia; extensive aerial 
mycelium; long branching 
mycelium with conidiophores 
spread throughout colony. 
Neutral Neutral 
Rhizopus 
oryzae 
White mycelia; extensive aerial 
mycelia; large (>100 µm) black 
sporangiophores with lots of 
sporangiospores inside. 
Neutral Neutral 
 
4.3.2 Linted cotton seeds inoculated with fungal isolates 
The range of chemical compounds produced by an individual microbial species can vary 
depending on its environmental circumstances (Bennet & Inamdar 2015). A fungal isolate 
grown on linted cotton seeds, for example, may well emit a different blend of volatile 
compounds than if it were grown on agar media. Therefore, all fungal volatile assessments 
were conducted with isolates that had been grown on linted cotton seeds. Linted cotton 
seeds were collected from a single cotton gin in Dalby, Queensland, Australia 
(27°08'55.9"S 151°11'23.9"E), over summer in 2014. The seeds were stored in a large 
pile, within an iron shed, on a concrete floor. The seeds were protected from rainfall and 
had been stored there for about 6-9 months prior to our collection. Approximately 20kg of 
cotton seed was collected and transported in sealed paper bags, by car, to storage. The 
collected seeds were stored in paper bags at room temperature and relative humidity. 
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The linted cotton seeds were sterilized with a gamma irradiation dose of 25 kGy 
(Gammacell 220, Cobalt-60). Each isolate was initially cultured on PDA medium, and 5 g 
of sterilized linted cotton seeds (~ 20) were placed on the medium to infect them with that 
isolate. After one week on the PDA medium, the linted cotton seeds became infested with 
fungal growth. The seeds were then transferred to a plastic container with an additional 
100 g of sterilized linted cotton seeds, to infect this larger batch of seeds, and stored in a 
controlled temperature room (CT room) at 25°C and at 65% relative humidity (RH). Small 
volumes of sterilized water were applied regularly to the containers to help promote fungal 
growth. After one week, the fungal growth within the container had visibly spread across 
each seed, and were deemed ready for use in experiments (see below). 
4.3.3 Headspace micro-extraction 
Headspace adsorption techniques were used to collect the fungal volatiles. This involved 
placing the fungal infested cotton seeds into a 50 mL Falcon tube. Air was drawn into and 
through the chamber by a fixed vacuum pump, set at 1 L/min. The air initially passed 
through a glass pipette containing 2 g of activated charcoal, plugged with glass wool, to 
filter the air before exposure to the fungus. The air and volatiles within the chamber were 
then drawn through 2 g of Porapak Q absorbent, plugged with glass wool. Volatiles were 
collected in this way, for 24 hours from each fungal sample. The chamber was rinsed with 
ethanol and left to dry for 24 hours between samples. Adsorbed compounds were 
desorbed with 1 mL of dichloromethane, into a 1.5 mL gas chromatography vial. Both the 
control and treatment groups were replicated four times for each fungal species. The 
control groups included 10 g of sterilized cotton seed. The treatment groups included 10 g 
of infested cotton seed for each of the four target fungal isolates (see above). 
Gas chromatography analyses were performed by a splitless injection of 1 µL into a DB-5 
column (30 m, 0.25 mm, 0.25 µm) housed in an HP 6890 GC. Column temperature was 
programmed from 40°C, for 4 min, to 200°C at 4°C/min and then paused at 200°C for 10 
min. Each sample was further analyzed by means of a gas chromatography-mass 
spectrometry machine (GCMS-QP2010 Ultra, Shimadzu, Kyoto) fitted with the same 
column and set to identical temperature parameters. 
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4.3.4 Solid phase micro-extraction 
StableFlex fibres (57298-U, Supelco, Bellefonte) were used for solid phase micro-
extraction (SPME) of fungal volatiles in conjunction with an auto-sampler. The 1 cm, 23 
gauge divinylbenzene/carboxen/polydimethylsiloxane coated fibre was housed inside a 
syringe needle connected to a plunger. The fibre was conditioned in the standard heated 
injector port under split conditions for 30 mins at 270ºC. The 10 mL sample vials filled with 
1 g of linted cotton seeds, inoculated with fungi, were initially heated inside the SPME auto 
sampler oven (AOC-5000 Plus, Shimadzu, Kyoto) for 5 mins at 60ºC. Once the fibre was 
conditioned, the syringe needle was passed through the septum of the sample vials and 
the plunger depressed to expose the fibres to the headspace above the sample for 20 
mins at 60ºC. The fibres were then desorbed in the heated injector port, for 90 seconds at 
200ºC, and the analytes transferred on to the head of the gas chromatograph (GC) 
column. 
Gas chromatography-mass spectrometry (GCMS-QP2010 Ultra, Shimadzu, Kyoto) 
analyses were performed by splitless injection of the sample solution into a DB-5 column 
(30 m, 0.25 mm, 0.25 µm). Column temperature was programmed from 40°C, for 4 min, to 
210°C at 4°C/min and then paused at 210°C for 8 min. Each treatment and control was 
replicated four times, by means of GCMS, for validity. The control groups included 1 g of 
sterilized cotton seeds. The treatment groups include 1 g of infested cotton seed for each 
of the four target fungal isolates (see above). 
4.3.5 Gas chromatography-mass spectrometry compound verification 
Although a suite of compounds was identified using the extraction methods described 
above, compounds were selected for testing on the following grounds. Firstly, the 
compound must have been present in at least half of the replicates, but must not have 
been present in any of the control replicates, when analysed using the GCMS software 
(GCMS Postrum Analysis, Shimadzu, Kyoto). Secondly, the similarity search results 
produced by the compound data library (NIST Mass Spectral Library, National Institute of 
Standards and Technology, Gaithersburg) must have exceeded 79% similarity for the 
selected compound across each of the replicates. Finally, a chemical standard mixture 
(System performance test mix n-Alkanes, Restek, Bellefonte) was used to further verify if 
the retention indices of the identified compounds matched their positions on the 
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chromatogram. Positions within 25 index units (iu) of the compound’s known or proposed 
value were accepted. 
4.3.6 Culturing the beetles 
Beetle cultures were obtained from field sites in Dalby and Warwick, Queensland, 
Australia. Beetles were taken from field collected linted cotton seeds and placed into four 
separate jars (~30 beetles/jar), with about 300 g of culturing medium in each. The culturing 
medium was composed of 95% whole grain flour and 5% yeast. The adult beetles from 
each jar were separated from the other developing beetles every week for four weeks and 
placed into new jars. This rotation of insects was used to control for the ages of the beetles 
to be used in experiments and continued for the duration of the experiment. Beetles were 
kept in colony for only two generations. New insects were regularly obtained from the field 
throughout the study to produce new cultures. The cultures were kept in a CT room (see 
above). 
4.3.7 Behavioural tests 
4.3.7.1 Compound selection 
Compounds that were identified by gas chromatography as being volatiles produced by 
the four fungal species associated with linted cotton seeds were selected for 
experimentation in attraction/repellent assays. Only those chemicals that were readily 
obtainable from commercial sources were used, these being: 2, 3-butanediol; 2-nonanone; 
acetic acid; 1-butanol-3-methyl; 2-pentanone-4-hydroxy-4-methyl and 1-octen-3-ol (all from 
Sigma Aldrich, St. Louis State, USA). Each compound was applied at 100% concentration. 
Although multiple compounds were placed, in some tests, within close proximity (< 0.5 
mm) of one another (see below), the compounds were not mixed. The two tests of 
compounds in such combinations include the compounds associated with Asp. ochraceus 
(2, 3-butanediol, 2-pentanone-4-hydroxy-4-methyl and 1-butanol-3-methyl) and Asp. 
tamarii (1-butanol-3-methyl and acetic acid), since these two fungal species appeared to 
either attract or repel T. castaneum in the laboratory (Chapter 3, Thesis). 
4.3.7.2 Arena 
Attraction tests were used to assess if T. castaneum adults were attracted to each of the 
identified chemical compounds. These tests were performed in a fume hood (S2M Service, 
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Australia). The test arena was comprised of a A4 piece of paper on which three separate 
circles were drawn: one 14 cm diameter circle with two adjacent 2.5 cm diameter circles 
with a 3 cm distance from the larger circle (Fig. 4.1). The sheet was laminated in plastic 
(Lowell, China). These smaller circles represented the two sample zones, zones A and B 
(Fig. 4.1). A 15 cm diameter filter paper (Whatman, Buckinghamshire) was then placed on 
top of the laminated sheet, to absorb the chemicals and provide grip for the insects to walk 
on (Fig. 4.1). Lastly, an inverted glass Petri dish with a 14 cm diameter was placed onto 
the filter paper and aligned with the 14 cm diameter circle on the A4 piece of paper (Fig. 
4.1). It thus covered the arena and contained the 
insect.
Figure 4.1. The experimental apparatus for the behavioural tests to determine if Tribolium 
castaneum adults are attracted to and/or repelled by various chemical compounds. The 
chemical compounds were placed (10 µL) into the centres of the zones (A and B). The 
total time each insect spent within each zone, and their total number of visits to each zone, 
was used to predict their relative attraction to each compound. 
4.3.7.3 Tests 
For each trial a total volume of 10 µL, for each compound or “mixture” of compounds, was 
placed inside the arena in one of the two smaller circles (Zone A or B); distilled water, 
which was used as a control, was placed in the other small circle zone. For each trial one 
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beetle was placed inside the arena at the centre of the large circle, initially covering the 
area where the beetle was placed with the lid of a 14 cm diameter Petri dish. The date and 
time was recorded at the beginning of each trial. The number of visits and the total time 
each beetle spent (rounded to the nearest second) inside each zone was recorded using a 
stopwatch. After each experiment, the beetle was removed using a pair of forceps and 
immediately sexed under a compound microscope (Wild M3Z, Heerbrugg Switzerland). 
Thirty replicate trials were performed for each treatment and control group. The treatments 
included the individual assessments of 2, 3-butanediol; acetic acid; 2-nonanone; 1-
butanol-3-methyl; 2-pentanone-4-hydroxy-4-methyl and 1-octen-3-ol against distilled 
water. Additional treatment tests included the assessment of two combined groups of 
compounds against distilled water and one another (see above). Blank control tests, using 
either distilled water or empty zones, were regularly run, between treatments, to test for 
bias in the system. After 10 replicate trials the position of each zone was switched to 
reduce bias. Additionally, the filter paper was replaced after every 10 replicate trials and 
the Petri dish was washed down with ethanol and left to dry before additional experiments 
were performed, to reduce the bias from possible pheromone signals left by previously 
tested beetles. 
The total time each insect spent within each zone was used to predict their relative 
attraction to each resource and was analysed using Friedman rank sum tests, per 
treatment. Further, the total number of visits to each zone, per insect, was analysed using 
Friedman rank sum tests, per treatment. Friedman rank sum tests were used to determine 
if there was a difference across treatments in the total time, per insect, that the beetles 
spent within each zone, as an indicator of arrestment behaviour. The total time the insects 
spent within each zone, relative to their sex, was tested across each experiment using 
Friedman rank sum tests. Non-parametric tests were used because the data were not 
normally distributed. 
4.3.8 Statistical analysis 
All statistical analyses were performed in R (R Development Core Team 2009). Friedman 
rank sum tests were used to determine if there were any differences across treatments in 
the behavioural tests (see above), since the data was non-parametric. 
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4.4 Results 
4.4.1 Headspace micro-extraction 
Using the headspace micro-extraction method two compounds were identified based on 
the assessments of volatiles emanating from the fungi when grown on linted cotton seeds 
(Table 4.2). Three of the species assayed produced 2, 3-butanediol whereas only Asp. 
ochraceus produced 2-pentanone-4-hydroxy-4-methyl. Further, Asp. tamarii did not 
produce any noticeably different chemicals compared with the sterile linted cotton seed 
control. 
Table 4.2. The volatile compounds identified by means of headspace micro-extraction 
from linted cotton seeds that were inoculated with fungal species (see Table 4.1). The 
compounds were identified using gas chromatography and mass spectrometry. 
Compound name Formula Fungus emitting the compound 
2, 3-butanediol C4H10O2 Aspergillus ochraceus, Fusarium 
proliferatum and Rhizopus oryzae 
2-pentanone-4-hydroxy-4-methyl C6H12O2 Aspergillus ochraceus 
4.4.2 Solid phase micro-extraction (SPME) 
Eleven compounds were identified as being consistently produced by either one or more of 
the target fungal species (Table 4.3). Only one compound, 1-butanol-3-methyl, was 
produced by all four fungal species assessed. Aspergillus tamarii and Asp. ochraceus 
each produced an additional distinct compound, while R. oryzae produced three additional 
and F. proliferatum produced five additional compounds (Table 4.3). 
Table 4.3. The volatile compounds identified by means of solid phase micro-extraction 
from linted cotton seeds that had been inoculated with fungal species (see Table 4.1). The 
compounds were identified using gas chromatography and mass spectrometry. 
Fungus  Compound name Formula 
Aspergillus ochraceus  1-butanol-3-methyl C5H12O 
 2, 3-butanediol C4H10O2 
Aspergillus tamarii 1-butanol-3-methyl C5H12O 
 Acetic acid C2H4O2 
[Continued] 
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Fusarium proliferatum 1-butanol-Table 3-methyl C5H12O 
 1-allyl cyclopropanecarboxylic acid C7H10O2 
 Benzene, 4-ethyl-1, 2-dimethoxy- C5H10O 
 1H-3a,7-methanoazulene-hexahydro-tetramethyl C15H24 
 Spiro dec-7-ene, 1, 8-dimethyl-4-(1-methylethenyl) C15H24 
 Alpha-acorenol C15H26O 
Rhizopus oryzae 1-butanol-3-methyl C5H12O 
 1-octen-3-ol C8H16O 
 2-nonanone C9H18O 
 2-tridecanone C13H26O 
4.4.3 Behavioural tests 
The total time that each beetles spent within each zone (insects within proximity) was not 
significantly different across most of the treatment groups (Tables 4.4). Indeed, 2-
pentanone-4-hydroxy-4-methyl was the only compound to elicit a response from the 
beetles, indicating that most of the compounds did not cause arrestment behaviour in T. 
castaneum. Moreover, the accumulative proportion of time that the beetles spent within 
either zone over the 5 minute period was less than 1% of the total, across each treatment 
and control group. No more than 11 insects (n = 30) visited either the control or treatment 
groups across each test (Table 4.4). The total number of visits to each zone was not 
significantly different across each treatment group except for the assessments of 1-octen-
3-ol and 2-pentanone-4-hydroxy-4-methyl which were visited significantly fewer times than 
the controls (Table 4.4), indicating that 1-octen-3-ol and 2-pentanone-4-hydroxy-4-methyl 
may well repel the beetles. No significant difference was detected between sexes, across 
each test (data not shown) (P>0.05). 
 
 
 
 
 
Table 4.3. Continued. 
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Table 4.4. Responses of Tribolium castaneum adults to various chemical compounds and 
some combinations of compounds in comparison with distilled water or to one another. 
The total time that the insects spent within the test zone, and total number of visits made 
by the insects to each test zone, over a five-minute period, are presented (n = 30). The 
mean time that each of the insects, that had visited a zone, spent within each zone is 
included; the range between insects is also included to display the variance. 
Test Compounds/ 
combination of 
compounds 
Total time 
of insects 
in zone (s) 
P Total number 
of visits to 
zone 
P Mean time 
(s)/visit 
1 Water 47 1 16 0.5271 2.9 (1 - 8) 
 Water 55  14  3.9 (1.5 - 10) 
2 Water 20 0.7055 7 0.4142 2.9 (1 - 4) 
 Acetic acid 18  3  6 (1 - 14) 
3 Water 10 0.2059 7 0.0956 1.4 (1 - 2.5) 
 2, 3-butanediol 65  13  5 (1 - 23) 
4 Water 22 0.763 15 0.5271 1.5 (1 - 4) 
 1-butanol-3-methyl 64  13  4.9 (1 - 45) 
5 Water 39 0.9685 16 0.020* 2.4 (1 - 4.5) 
 1-octen-3-ol 40  5  8 (5 - 19) 
6 Water 36 0.7389 5 0.7389 7.2 (1 – 27) 
 2-nonanone 18  6  3 (1 – 9) 
7 Water 21 0.3173 14 0.1573 1.5 (1 - 2) 
 Dry 20  19  1.1 (1 - 1.25) 
8 Water 2 0.046* 2 0.046* 1 
 2-pentanone-4-
hydroxy-4-
methyl 
9  7  1.29 (1 - 2) 
9 Water 16 0.1025 9 0.1025 1.8 (1 - 4) 
 Acetic acid + 1-
butanol-3-
methyl 
5  4  1.25 (1 - 1.5) 
 [Continued] 
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10 Water 4 0.6547 4 0.3173 1 
 2, 3-butanediol + 
2-pentanone-4-
hydroxy-4-
methyl + 1-
butanol-3-
methyl 
5  2  2.5 (3 – 2) 
11 Acetic acid + 1-
butanol-3-
methyl 
2 0.1025 2 0.1025 1 
 2, 3-butanediol + 
2-pentanone-4-
hydroxy-4-
methyl + 1-
butanol-3-
methyl 
9  6  1.5 (1 – 2) 
4.5 Discussion 
A total of 12 different compounds were identified using both headspace micro-extraction 
and SPME methods. However, the SPME method resulted in a large number of VOCs 
compared to the headspace micro-extraction method, and may well be due to the 
increased sensitivity of SPME compared with the latter (Sunesson et al. 1995). However, 
distinct compounds were identified using the two different extraction methods, as 2-
pentanone-4-hydroxy-4-methyl was identified using the head space micro-extraction 
method, on Asp. ochraceus, but was not present in the SPME extraction. Moreover, 1-
butanol-3-methyl was not detected in the head space micro-extraction samples, but has 
been detected in other studies from Serpula lacrymans ((Wulfen) P. Karst.) mycelium and 
from S. lacrymans mycelium on pine timber, following the same extraction method (Ewen 
et al. 2004). Consequently, in this study the use of two extraction methods facilitated the 
identification of a greater number of VOCs. 
The fungal species that produced the largest array of VOCs was F. proliferatum (7), 
followed by R. oryzae (5), Asp. ochraceus (3) and Asp. tamarii (2) (Tables 4.2 & 4.3). Two 
of the VOCs: 2, 3-butanediol and 1-butanol-3-methyl, were detected in more than one of 
the fungal species assayed (Tables 4.2 & 4.3). This result reflects previous studies for 1-
Table 4.4. Continued. 
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butanol-3-methyl that have identified it as a fungal VOC across many different species 
(Davis & Landolt 2013, Sunesson et al. 1995, Davis et al. 2012). Moreover, 1-butanol-3-
methyl and 1-octen-3-ol, both identified here, have been regularly identified in the literature 
with reference insect semiochemicals, because many species used these compounds 
(Davis & Landolt 2013, Hung et al. 2015, Pierce et al. 1990, Steiner et al. 2007, Holighaus 
et al. 2014, Davis et al. 2012 & Becher et al. 2012). Nevertheless, the particular role of 
each compound depends on the insect species under consideration. For example, 1-
octen-3-ol has been shown to repel both Lariophagus distinguendus (Förster), a parasitic 
wasp (Steiner et al. 2007), and Bolitophagus reticulatus, a fungivorious beetle species 
(Holighaus et al. 2014), but is known to attract Cryptolestes ferrugineus (Stephens), a 
stored grain beetle (Pierce et al. 1990). Therefore, it is not safe to presume that a VOC will 
elicit a specific response from an insect species without the appropriate behavioural tests.  
The response of T. castaneum to 1-octen-3-ol and 2-pentanone-4-hydroxy-4-methyl 
suggests that these compounds may repel T. castaneum at high concentrations, because 
the beetles visited it significantly fewer times than the distilled water control. Further, R. 
oryzae was the only fungal species to emit 1-octen-3-ol, and Asp. ochraceus was the only 
fungal species to emit 2-pentanone-4-hydroxy-4-methyl. The combined compound tests 
did not elicit a response from T. castaneum when tested against distilled water or one 
another (Tables 4.4). These results are, to some extent, consistent with the insects 
observed response to Asp. ochraceus (repellent) in the laboratory, since the fungus 
repelled the beetles in the olfactometer study (Chapter 3, Thesis). However, no tests were 
performed to test the effect of concentration, of the compounds, on the beetles’ 
behavioural responses, both individually or in relation to one another. Therefore, additional 
tests are required to determine if these compounds are truly semiochemicals for T. 
castaneum.  
The current control strategies suggested by authors to mitigate T. castaneum infestations 
within stored grain facilitates include the use of toxic fumigants, mainly phosphine gas, 
along with various monitoring schemes, including pheromone lures (Wakefield 2006, Bond 
et al. 1969). However, due to increasing levels of genetic resistance to phosphine, T. 
castaneum populations are becoming more resilient against these control strategies (Athie 
& Mills 2005). Monitoring schemes, including baited scent traps, are used to determine the 
current beetle infestation levels within or nearby bulk grain storage facilitates (Wakefield 
2006). Therefore, the development of more attractive/effective lures would increase the 
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monitoring capabilities of these traps. Some studies have shown that insect 
semiochemicals, produced by fungal species, can been applied to lures to increase their 
efficiency (Sun et al. 2013, Kuhns et al. 2014). Indeed, the efficiency of Manuka oil lures, 
used in the U.S.A. to monitor pest species of ambrosia beetles, can be improved with the 
addition of synthetic VOCs produced by the fungus Raffaelea lauricola (Kuhns et al. 2014). 
Pheromone lures, based on the pheromones produced by the target insect species, can 
also be enhanced with the use of VOC’s (Pierce et al. 1990, Sun et al. 2013). 
The current pheromone lures used to monitor T. castaneum in the field are derived from 
the male aggregation pheromone 4, 8-dimethyldecanal (Lu et al. 2011). Recent studies 
have shown that some fungal species (e.g. Asp. tamarii) are equally as attractive as these 
lures under both laboratory and field conditions (Chapter 3, Thesis). Therefore, the results 
of our study paired with additional experiments, including compound mixture and relative 
concentration tests, may produce a more effective pheromone lure for T. castaneum. 
Overall, the results of this study indicate that T. castaneum is responsive to at least two 
compounds, 1-octen-3-ol and 2-pentanone-4-hydroxy-4-methyl, and that a variety of 
chemical compounds are produced by fungal species, which are known to attract and/or 
repel these beetles. In fact, T. castaneum may use these compounds to assess the state 
of its environment, both within and outside of bulk stored product facilities. 
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5.1 Overview  
The results presented in this study have led to (but are not limited to) the following 
conclusions. Fourteen fungal species have been identified on stored linted cotton seeds 
that were collected in South East Queensland, Australia, and four further species were 
identified on stored wheat grains. Laboratory experiments showed that the adult beetles 
can feed on each of the identified fungal species, while the larvae fed and developed 
successfully to the adult stage on nine of them. Further, the adult beetles are attracted by 
at least one of the identified fungal species and are repelled by up to three of them, based 
on the extensive results of one field and two laboratory experiments. Analyses of the 
volatiles produced by these particular fungal species and subsequent behavioural assays 
revealed that at least two of the identified compounds, 2-pentanone-4-hydroxy-4-methyl 
and1-octen-3-ol, produced by Asp. ochraceus and R. oryzae respectively, appear to repel 
the beetles under laboratory conditions. Further analyses, involving combinations of the 
chemical compounds identified in this study, may reveal blend/s of compounds that are 
also attractive to the beetles. 
Each of these discoveries has implications for the way in which we perceive the ecology of 
T. castaneum, both within and outside of bulk stored grain environments. Moreover, these 
results demonstrate that there is some sort of association between T. castaneum, 
particular micro-fungal species, and the volatile organic compounds (VOCs) that those 
species produce. These results are assessed in this chapter with respect to the ecology of 
T. castaneum, especially regarding its origin, pest management strategies and future 
research pathways. 
5.2 The potential role of fungi in the ecology of Tribolium castaneum 
Accurate interpretation of the ecology of an organism is not readily achieved. One of the 
major limitations to understanding the ecology of a species is our inability to monitor 
organisms continuously in their “natural” environment. For some larger organisms, such as 
mammals, it is possible, though difficult, to monitor their movements over the course of 
their entire life in the field, whereas most insect species are too small to follow in this way 
(Kirkeby et al. 2016). Individual insects can usually not be tracked in the field, so indirect 
observations, often under laboratory conditions, are made to infer when these organisms 
might undertake long distance movement and how this might influence our interpretation of 
their ecology in nature (Arnold et al. 2016). In the field, mark-recapture experiments are 
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valuable but generally return limited results, and radar studies do not differentiate among 
species (Hagler & Jackson 2001, Kirkeby et al. 2016). 
Laboratory studies can provide useful physiological and behavioural data as well, but often 
lack context in relation to the species’ movements and associated activities in the 
environment. Moreover, without quantitative field data, perspective can be lost with regard 
to how individual organisms of particular species interact with their environment across 
large spatial scales through time. This is particularly evident in insect species, such as T. 
castaneum, which are easily cultured in the laboratory to the extent that extensive 
laboratory studies have frequently been used to interpret how this species interacts with its 
environment, yet this “environment” is effectively limited to laboratory cultures or other 
man-made facilities (Birch 1947).  
The difficulty in interpreting the ecology of T. castaneum outside of grain storage systems 
stems, in large part, from there being no known population of T. castaneum in any habitat 
other than stored products and their immediate environments (e.g. spillages). Despite over 
3,000 articles that deal directly with T. castaneum (Web of Science search: Tribolium 
castaneum, 9/9/2017), only a handful of studies have considered their activity outside of 
bulk grain storage. Most studies, therefore, seem to assume (even if only tacitly) that T. 
castaneum is dependent on bulk stored grains, such as wheat, sorghum and/or barley, as 
a food source for its persistence. Some studies have suggested, though, that T. 
castaneum may be found in forests living under the bark of trees or rotting logs (Good 
1933), though no documentation seems to have been provided. 
Recent studies have reported high densities of T. castaneum infesting stored linted cotton 
seeds in South East Queensland, Australia (though their presence there was well enough 
known in the stored products industry). They have also shown that the adult beetles are 
attracted to these seeds, with information derived from both laboratory and field tests 
(Ahmad et al. 2012a). Despite the attraction of the insects to the seeds, they do not appear 
to feed on the cotton seeds themselves, or damage them, and they cannot even be reared 
on cotton seed flour or whole seeds of cotton (Ahmad et al. 2012c).  
Additional tests revealed that T. castaneum adults were attracted to some of the fungal 
species that were infesting seeds, but that some of these fungal species could also repel 
them (none of these fungi were, however, identified to species (Ahmad et al. 2012a)). 
These findings suggested that T. castaneum may have a close association with a 
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particular fungal species and its volatiles, or a subset of the range of species on cotton 
seeds, since large densities of these beetles aggregate on the seeds in bulk storage 
systems. The results detailed above (Ahmad et al. 2012a) also suggested that T. 
castaneum may be pre-adapted to stored food products and that their association with 
them is not as dependent as it is sometimes portrayed (although the amount of food grain 
stored globally surely allows populations to build up far more than if these bulk stored 
resources were not there). That is, the relationship of T. castaneum with particular fungal 
species may well represent the primary (and original) diet of T. castaneum (Ahmad et al. 
2012b).  
5.3 Associations between Tribolium castaneum and particular fungal species 
Specialist herbivorous insects, those associated with a relatively small set of host species, 
generally respond to particular components emitted by their hosts, although minor 
components can play a significant role (McCormick et al. 2014). Indeed, even generalist 
insects, those associated with a relatively large set of host species, seem to respond to a 
specific subset of components produced by a host species, although they will still respond 
to hosts if they do not have the entire subset of compounds (Rajapakse et al. 2006). 
Therefore, the research presented in Chapters 2 to 4 was designed to determine whether 
individual fungal species and their associated chemical compounds would be strongly 
attractive or repulsive to T. castaneum. This direction was taken because previous studies 
revealed that fungus-infected cotton seeds, containing a mixed combination of fungal 
species, were inconsistent in their attraction to the beetles (Ahmad et al. 2013). This 
project has identified several fungal species upon which T. castaneum feeds and oviposits, 
and which can support successful larval development. These results have extended the 
experimental observations of Sinha (1966), who identified several fungal species that 
would support adult feeding, oviposition and larval development (although the value of 
these fungi to the beetles relative to the standard diet of wheat flour and yeast was not 
then established). Further, some of these fungi and their associated volatiles are attractive 
or repellent to T. castaneum, at least under laboratory conditions.  
Several of the fungal species isolated from linted cotton seeds (Table 2.2) are associated 
with at least one stored grain product that T. castaneum is known to infest (Abd El-Aziz et 
al. 2013, Pathak & Zaidi 2013). These associations suggest that the presence of these 
particular fungal species on bulk stored grains may potentially attract the adult beetles to 
these resources in the field or repel them. Moreover, it is common practice to rear T. 
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castaneum, in laboratory cultures, on a diet of wheat flour and yeast, rather than pure 
wheat flour, because the fungal additive increases the developmental success of the 
larvae (Lale et al. 2000). That is, the presence of particular fungal species in wheat flour 
and linted cotton seeds can also increase the developmental success of T. castaneum 
larvae (Fig. 2.1). Additional experiments are, however, required to determine if the volatiles 
produced by the other fungal species identified in this study (those which were not 
assessed in Chapter 4) are attractive and/or repellent to the insects. Moreover, based on 
the differences in beetle attraction and repulsion in the olfactometer, wind tunnel and field 
tests (Chapter 3), further tests are required to determine the effects of volatile 
concentrations, exposure times, distances from source and mixtures of these compounds 
on the attraction and/or repulsion of these volatiles to the beetles. Indeed, field collected 
cotton seeds (those which contain a mixture of fungal species) are significantly attractive 
to the beetles, as seen in our laboratory tests (Table 3.1) and previous studies (Ahmad et 
al. 2012a).  
Beetle species other than T. castaneum, including many others belonging to the family 
Tenebrionidae, are also known to consume fungi (Nansen et al. 2013, Sinha 1966). 
Moreover, Tribolium castaneum and various other beetle species are known to transport 
fungal species between localities (Bosly & Kawanna 2014, Bleiker et al. 2009). Most beetle 
species transport fungal spores incidentally, on their cuticle generally or in their digestive 
systems. However, some beetle species are specifically adapted to transfer fungal 
colonies between sites and, to this end, bark beetles (subfamily Scolytinae) have 
morphological adaptations known as mycangia to carry spores of the fungal species with 
which they are associated (Bosly & Kawanna 2014, Bleiker et al. 2009). In the case of T. 
castaneum, the adult insects are known to be capable of transporting fungi only on the 
exterior surface of their cuticle (Bosly & Kawanna 2014), and have no known mycangia. 
Therefore, T. castaneum may not have a mutualistic relationship with fungal species in the 
way that fungivorous bark beetles do, though more investigation is required because other 
tenebrionids, including Bolitotherus cornutus, also known as the forked fungus beetle, live, 
feed and breed on particular fungal species that are associated with dead wood (Holliday 
& Walker 2009). Based on the results presented in chapters two to four, it is plausible that 
T. castaneum populations could maintain themselves outside of bulk grain storage on a 
pure fungal diet, and that those populations infesting bulk stored products may have their 
larval development rate and success enhanced when select fungal species are present. 
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5.4 The spatio-temporal dynamics of Tribolium castaneum, in relation to fungi 
Knowing where organisms of a particular species are, geographically, and their population 
size locally is the central goal of ecology and, thus, applied entomology. An understanding 
of the movement behaviours of a species, including their underlying biochemical and 
physiological bases provide the basic information needed for interpreting the spatio-
temporal dynamics of that species.  
Many organisms that have close ecological ties to human society, usually through food 
production, processing and storage systems, are widespread globally. The rust-red flour 
beetle, T. castaneum, is typical in this sense because it is closely associated with a variety 
of stored grain products, mainly wheat, barley and sorghum (Hagstrum et al. 2013). This 
species managed to spread across the globe when humans started transporting bulk 
stored grains across oceans. The beetles readily achieve high densities in these products 
and the species is considered a major pest since beetle-infested grains are more difficult 
to process, are substantially reduced in quality, and are even depleted through beetle 
consumption (Shafique et al. 2006).  
A range of control methods is used to reduce the density of beetles within stored grain 
facilities (Bond et al. 1969, Wakefield 2006). Toxic fumigants are used to control stored 
grain insect pests, including T. castaneum. Phosphine gas is the most commonly used 
fumigant, across the globe, to control beetle infestations within bulk stored grains. Indeed, 
almost every bulk stored grain industry relies exclusively on phosphine gas to control 
stored grain beetle pests. However, the repeated use of phosphine has resulted in the 
development of resistant beetle populations (Wakefield 2006). Moreover, even if beetle 
populations are reduced in density, through fumigation, “new” individuals continue to 
reinfest the grain.  
No model deals mechanistically with the movement of T. castaneum, between and into 
new resources, such as those developed for the collared dove and muskrat, which can 
predict a species’ velocity of range expansion based on reproductive output and distances 
moved (Walter & Hengeveld 2014). That is, there is currently not enough ecological data 
to determine the diffusion parameter (used to determine a species potential dispersal 
capability over a defined period) of T. castaneum (Walter & Hengeveld 2014). The 
development of such a model could be used to determine when and where control 
measures, such as phosphine gas fumigation, should be applied and even whether such a 
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responsive management system would be advantageous. The problem with such models 
is their requirement for a lot of data, which is clearly not available for T. castaneum, and T. 
castaneum lives potentially, on the basis of the results presented in this thesis, in a more 
heterogeneous environment than the agricultural landscapes of the collared dove and 
muskrat, this means that any model for T. castaneum would require data on this aspect of 
the environment. 
One of the major limitations in the development of a T. castaneum spatio-temporal model 
has been the lack of knowledge concerning the species’ ecology, particularly in regard to 
its flight propensity and capabilities and its use of habitats other than bulk stored grains. 
Indeed, the flight propensity and capabilities of T. castaneum have not been considered in 
many previous studies, since the beetles were not known to fly over large distances (>1 
km), until recently. Although entomologists who dealt with the management of T. 
castaneum seem to have known that these insects could fly, few of them considered what 
this meant for the species ecology. Indeed, since it was very difficult to trap these insects 
in flight, even with great effort (e.g. nets on vehicles) (Sinclair & Haddrell 1985), few 
studies investigated this aspect of their ecology. Further, for the most part, the literature 
disregarded the ability of T. castaneum to fly (e.g. Naylor 1961; Ogden 1970) and was 
predominated by studies focused on population density and competition (Park 1962, 
Andrewartha & Birch 1984). However, with the development of commercial pheromone 
lures and modern molecular tools, flight behaviours could now be investigated (Ridley et 
al. 2011, Rafter et al. 2015, Daglish et al. 2017), but still somewhat indirectly. 
The results presented in this study have also contributed to an understanding of the 
spatio-temporal dynamics of T. castaneum and could, therefore, be used to improve the 
development of any future model of the spatio-temporal dynamics of T. castaneum. They 
do so in having shown that T. castaneum will feed, oviposit and successfully develop 
larvae on a variety of fungal species that were isolated from stored linted cotton seeds. 
These findings suggest that T. castaneum could survive on resources other than grain in 
storage and that beetles may frequently move between bulk grain storage facilities and 
these resources, since large densities of beetles infest bulk stored cotton seeds in the field 
(Ahmad 2012a). We clearly need to know more about the use of these alternative 
resources by T. castaneum, the situations under which the beetles are attracted to these 
resources, and how they are attracted to them. 
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A positive association between dispersal rates, population turnover and narrower 
environmental tolerances (e.g. dietary requirements) of a species is often observed 
(Walter & Hengeveld 2014). As such, most organisms that can disperse across 
considerable distances, including many insect species, are relatively long-lived and 
produce offspring at frequent intervals. They also tend to be restricted to resources, that 
are limited in quantity and spread across many localities within their environment. 
Tribolium castaneum, though, differs somewhat from this general pattern. Although T. 
castaneum beetles do disperse regularly (Rafter et al. 2015), can disperse over large 
distances (Ridley et al. 2011), are long-lived and frequently produce eggs throughout their 
long adult life (Simwat & Chahal 1969, Daglish 2005), they do not appear to be limited by 
finite resources, since the species is a global pest on bulk stored grains. This contradiction 
provides the fundamental reason why the autecology of this species in the environment at 
large (rather than just within bulk grain storage), including its broader dietary requirements, 
should be more thoroughly understood and modelled. With respect to the latter, it seems 
certain that T. castaneum originally (i.e. before the introduction of bulk storage of grain by 
humans, starting with the domestication of grains almost 10000 years ago) did conform 
more to the general expectation outlined above, but research in this area is clearly in its 
infancy. 
One potential explanation to the seemingly unusual ecology of T. castaneum may be the 
association of the beetles with particular fungal species across the environment, as 
described above. For example, field populations of beetles may regularly move between 
naturally occurring resources (e.g. fungal colonies, perhaps associated with small catches 
of grain in depressions in the ground) and bulk stored products that may also be infested 
with these particular fungal species. Under these circumstances, the beetles would be 
required to disperse frequently over large distances to locate small patches of resources 
across the landscape, as these resources may be difficult to locate. Moreover, this 
scenario would also suggest that the beetles are not reliant on bulk stored products to 
persist in the environment, and this is supported by the results presented in this thesis, 
though the introduction of bulk stored grains must have substantially increased the 
abundance of this species globally. 
5.5 Potential monitoring and control applications 
Based on the results of previous studies, T. castaneum does not respond in the way in 
which phytophagous insects generally respond to their hosts. For example, the beetles do 
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not appear to be attracted to bulk stored wheat grains, despite the frequent occurrence of 
large infestations of beetles on those resources (Ahmad 2012a, Chapter 3 of Thesis). 
Though, presumably these grain beetles are responding to some combination of 
compounds to recognize new infestation sites. It is not clear what this combination would 
comprise, but the results presented in this thesis suggest that the presence of specific 
fungal species and their associated volatiles could contribute to this combination of 
components. 
There are potential applications for the results presented in Chapters 3 and 4 that could be 
used to support and improve the management strategies that are currently in place for T. 
castaneum. The results (specifically those in Tables 3.1, 3.2 & 4.4) have the potential to 
increase the efficiency of the current monitoring schemes used to manage T. castaneum 
populations in the field. Commercial pheromone lures are used to monitor T. castaneum 
population densities within bulk stored grains (Burkholder & Ma 1985). These chemical 
lures are used to monitor T. castaneum in the field and are synthetic compounds derived 
from our understanding of the species’ male aggregation pheromone 4, 8-dimethyldecanal 
(Suzuki 1980, Phillips et al. 1993).  
Studies have shown that these lures are effective at attracting numbers of T. castaneum in 
the field (Ridley et al. 2011). Although numbers of the beetles in traps may be high, the 
efficiency and capture distance of these lures remains unknown. The results of our field 
traps using commercially available pheromone lures (Fig. 3.5, 3.7, 3.8) did, however, show 
that the success of these lures is limited when compared to the attraction of sterilized 
linted cotton seeds or even select fungal species. Improvements to these lures provide a 
realistic aim for increasing the attraction of traps to T. castaneum in the field.  
The results of the fungal volatile analyses (Tables 4.2, 4.3, 4.4) could be used to improve 
the attraction of these commercial pheromone lures, though more tests are required. 
These additional experiments would include testing various chemical compound 
combinations and concentration variants, based on the specific fungal volatiles identified 
(Tables 4.2, 4.3, 4.4). Indeed, other insect lures have been improved by blending 
chemicals, derived from fungal volatiles, with additional odour sources (e.g. oils, 
pheromones, etc.) (Pierce et al. 1990, Sun et al. 2013). For example, commercial Manuka 
oil lures are used in the U.S.A. to monitor ambrosia beetles, which cause substantial 
damage to pine trees each year (Kuhns et al. 2014). The attraction of these lures to the 
beetles can be substantially increased with the addition of synthetic VOCs produced by the 
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fungus Raffaelea lauricola (Kuhns et al. 2014). Based on that premise, it may be possible 
to combine attractive fungal VOCs with 4, 8-dimethyldecanal to produce a more effective 
lure for T. castaneum. Further, the information obtained with the use of these lures, 
including data on the spatial and temporal distribution of T. castaneum populations, would 
contribute to integrated pest management (IPM) strategies. For example, stored grain 
industries may use these lures, with the addition of traps, to monitor for T. castaneum 
within and around their facilities. These industries could then use these data to assist pest 
management decisions (e.g. timing of fumigation). 
5.6 Conclusions 
This study has demonstrated, once again, the importance of ecological interactions 
between insects and microorganisms, and that these interactions may be subtle relative to 
more obvious examples of such interactions. For example, mountain pine beetles, 
Dendroctonus ponderosae (Hopkins), have symbiotic relationships with several particular 
fungal species including Grosmannia clavigera (Zipfel, Z. W. de Beer & M. J. Wingf.) and 
Ophiostoma montium ((Rumbold) Arx) (Bleiker et al. 2009). Indeed, D. ponderosae feeds 
on and transports these fungal species between different host plants, allowing the fungi to 
infest new host plants that would normally be inaccessible (Bleiker et al. 2009).  
Investigating the ecological relationships between insects and microorganisms and their 
volatiles is challenging, but can yield important ecological insights about the organisms 
concerned, and may potentially lead to the development of management technologies, as 
is the case made above for T. castaneum. This study has improved our understanding of 
the spatio-temporal dynamics of T. castaneum, mainly by drawing attention to the potential 
significance of micro-fungal species in the broad ecology of these insects. Indeed, this 
study has also emphasized how a narrow perspective of T. castaneum’s flight capabilities, 
based solely on laboratory studies, can result in a failure to understand other crucial 
aspects in the ecology of those insects, including their ability to move between different 
resources, such as bulk stored grains and currently still obscure sources of micro-fungi in 
the broader environment.  
Insect species, such as T. castaneum, are difficult to observe in the field, but field data are 
required to understand their ecology more accurately and to model the spatio-temporal 
dynamics that constitute their ecology. Therefore, areas of research that would allow 
researchers to track insects in the field should be prioritized. Technologies such as more 
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effective markers that would enable easy, quick and cheap marking of extremely large 
numbers of these insects so as to derive more precise and reliable data from release and 
recapture investigations would provide substantial assistance for understanding the 
movement patterns of insects in the field (Hagler & Jackson 2001). Overall, this project 
has provided additional information concerning the association of T. castaneum with 
several micro-fungal species and their volatiles, including the propensity of the insects to 
consume, oviposit and successfully develop larvae on these species. 
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Appendices 
Appendix 1.1 Conference abstract for paper presented at XXV International 
Congress of Entomology at Orlando, Florida, in 2016. 
The role of fungi and their associated volatiles in the ecology of Tribolium 
castaneum 
Introduction: Tribolium castaneum is a major pest of stored food products worldwide, but 
these beetles also infest stored linted cottonseeds in Australia. Recent research indicates 
that the beetles may be attracted to the various fungal species present on the lint of cotton 
seeds, though the extent of this attraction is unknown. 
Methods: We isolated several fungal genera from linted cotton seeds, collected from 
storage in South East Queensland, including Aspergillus, Fusarium, Penicillium and 
Rhizopus. The attraction of Tribolium castaneum to each of these species was assessed 
in the laboratory using both olfactometer and wind tunnel analyses. The most attractive 
and repellent fungal species were also used in field experiments, as lures, to determine if 
the beetles would fly towards and/or avoid either of these resources. DNA analyses were 
used to test if the beetles were feeding on either of these fungal species in the laboratory. 
Developmental tests were also conducted to determine if the insects could survive and 
reproduce on linted cotton seeds that had been infected with each of the fungal isolates. 
Results/Conclusions: Overall, this project has provided insight about the behaviour of this 
major pest species and may lead to the production of more effective lure and kill trap 
technologies in the future. 
